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ABSTRACT 
Mechanistic Investigation of Novel Niobium-Based Materials as Enhanced Oxygen 
Storage Components and Innovative CO Oxidation Catalyst Support for Environmental 
Emission Control Systems 
 Emi Leung  
 Nb-doped ZrO2-CeO2-Y2O3 solid solution (Nb-ZrCeYO) is studied as a possible 
oxygen storage component in three way automobile exhaust catalysts. It shows enhanced 
oxygen storage (OS) capacity with a higher extent of reduction at temperatures within the 
typical operating range of three-way catalyst compared with solid solutions without Nb. 
However, after several days of exposure to ambient air, the OS behavior of the Nb-doped 
samples shows significant degradation. Degradation is slowed for samples stored in 
evacuated environments (i.e. vacuum sealed glass tubes). NbOx segregation to the surface 
under oxidizing conditions is hypothesized as the cause of the degradation. This 
hypothesis is consistent with the temperature programmed reduction data. The addition of 
small amounts of Pt to the aged samples restores the enhanced initial performance 
advantages. It is postulated that electrons supplied by metallic Pt mimic reducing 
conditions, which are known to re-disperse surface NbOx species into the bulk solid 
solution, leading to stable, time-independent OS performance. However, the small 
advantage caused by Nb addition over the current technology is insignificant for the 
TWC application. Therefore, we focus on other environmental applications such as CO 
oxidation by Nb-containing catalysts with the specific objective of enhanced CO 
oxidation activity by formation of Cu1+ species supported on Nb2O5. 
 
 The preparation of a Cu(1)Nb(2)Ox results in a solid solution crystallized in three 
different phases: CuO, Nb2O5, and CuNb2O6. The solid solution shows enhanced low 
temperature CO oxidation (<155˚C) activity compared to the reference CuO solid 
solution. Analysis by hydrogen-temperature programmed reduction (H2-TPR) indicates 
there are two different Cu species in the Nb-containing solid solution: highly dispersed 
Cu species and bulk CuO. The existence of an interaction between Cu and Nb ions is 
hypothesized for the enhanced low temperature CO oxidation activity by formation of 
Cu+1. This hypothesis is consistent with XPS data, indicating the existence of more 
catalytically active Cu1+/0 and Cu2+ species in the Nb2O5 sample, where the reference bulk 
CuO oxide shows only the less active Cu2+ species.  
 Impregnation of Cu-containing precursor salts on the Nb2O5 support leads to 
enhanced CO oxidation activity: The Cu supported Nb2O5 sample shows improved CO 
oxidation activity compared with the reference Cu supported on Al2O3. An isothermal 
aging test shows high stability of the Cu1+ species on the Nb2O5 support at 155˚C for 20 
hours in air. Studies of the optimization of the Cu supported Nb2O5 leads one to conclude 
that low surface coverage of NbOx on Al2O3 is the reason why these samples shows 
lower CO oxidation activity. The optimal amount of Cu species on the Nb2O5 support is 
6%, where activity is similar to 1%Pt/Al2O3, the state of the art CO oxidation catalyst in 
industry, but a phase transformation of Nb2O5 occurring at 800˚C, leads to a loss in the 
enhanced CO activity. A gradual loss in surface area is observed for samples aged at 
higher temperatures, indicating support sintering as the main cause of the performance 
deterioration. Stable performance at low temperatures makes CuOx/Nb2O5 a potential 
candidate for stationary abatement applications, which operate at temperatures <400˚C. 
 
Advanced aging would be necessary to qualify it for specific applications. A kinetic 
model for CO oxidation of CuOx/Nb2O5 is also developed. 
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1 
Chapter 1 - Introduction 
 Zirconia-ceria (ZrCeO) solid solutions are widely used as oxygen storage 
component (OSC) in three-way catalytic converters (TWC). A TWC must simultaneously 
oxidize carbon monoxide and hydrocarbons while reduce nitrogen oxides. A high rate of 
conversion is required and can be achieved near the stoichiometric air-to-fuel ratio. 
However, the time lag associated with feedback controls of the oxygen sensor results in 
fluctuations in this ratio (Heck et al., 2009). The use of the OSC allows the control of the 
air-to-fuel ratio to be achieved chemically, thereby minimizing fluctuations. The active 
component of the OSC is ceria, CeO2. Ceria stabilizes the partial pressure of oxygen at 
the catalyst surface by absorbing and releasing oxygen via a redox reaction. Using the 
Kröger-Vink notation, this reaction can be written as 
2𝐶𝑒!∗ +   𝑂!∗ =   2𝐶𝑒!! +   𝑉!  + 
!
!
𝑂!        (1) 
where, 𝑂!  ∗ and 𝑉! are oxygen and oxygen vacancies on the oxygen sites, and 𝐶𝑒∗ and 
𝐶𝑒! are cerium (Ce4+) and negatively charged cerium ions (Ce3+) on metal sites, M, 
respectively.  
 The use of ZrCeO solid solutions, rather than pure ceria, has been shown to result 
in greater thermal stability and reducibility of OSC (Mamontov et al., 2000). Therefore, 
modern OSCs make use of these solid solutions and also include additions of other oxides 
to enhance performance (Li et al., 1994-a). For example, yttria is used to increase the 
oxygen vacancy concentration since yttrium has a lower valence than zirconium or 
cerium. The defect reaction for the dissolution of yttria can be written as: 
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𝑌!𝑂!   →   2𝑌!! +   3𝑂!∗ +   𝑉!         (2) 
 In contrast to Y, the addition of Nb to the OSC represents an unusual choice since 
Nb has a higher valence than Ce or Zr, and, furthermore, Nb has very limited solubility in 
pure ceria (<0.5 at.% of metal content) (Naik et al., 1979). Two mechanisms for the 
dissolution have been identified, one of which occurs by electronic compensation (Eq. 3) 
and the other by consumption of vacancies (Eq. 4), as shown below. The latter 
mechanism is clearly expected to have a negative impact on OS performance, which 
relies on the creation and migration of vacancies. 
𝑁𝑏!𝑂!   +   2𝐶𝑒!∗ →   2𝑁𝑏! +   4𝑂!∗     +   
!
!
  𝑂! +   2𝐶𝑒!!      (3) 
𝑁𝑏!𝑂!   +   𝑉! →   2𝑁𝑏!  + 5𝑂!∗         (4) 
 Despite these clear drawbacks to the addition of Nb, Burton et al. received a 
patent in 2003 for improved OSCs with Nb additions to ZrO2-CeO2-Y2O3 solid solutions 
(Bortun et al., 2002). An important aspect of the patent was equimolar addition of Nb and 
Y. This equimolar addition mitigated both drawbacks of Nb. A significant increase in the 
solubility of Nb in the oxide mixture was achieved (Li et al., 1994-b), and the reduction 
in vacancy oxygen concentration upon the addition of Nb (Eq. 4) was fully counter 
balanced by the increase in vacancy concentration upon Y addition (Eq. 2). The report by 
Simson et al. (Simson et al., 2014) confirmed the enhanced OS capacity and higher rates 
and extents of reduction and oxidation at temperature within the typical operating range 
of three-way catalyst of the Nb-containing oxide relative to a Nb-free mixture, but it did 
not address the impact of sample aging on performance. 
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 In this paper, we address this aging behavior by investigating both fresh and aged 
samples as well as the effect of Pt-impregnation on OS behavior. As will be shown, 
samples aged by exposure to ambient oxygen show deterioration of the OS capacity. Pt 
impregnation allows the enhanced OS capacity to not only be maintained, but to also be 
reactivated even in aged samples. The reasons for the observed changes in OS behavior 
are discussed.  
  In addition to the research of Nb-containing oxygen storage components, we 
investigated novel niobium based materials for innovative CO oxidation catalyst 
supports. Since the advent of catalytic converters in 1970s, CO, HC, and NOx emissions 
have been stringently regulated to meet EPA targets. Among these pollutants, CO is the 
most deadly to humans and animals, whereas HC and NOx generate smog and ozone by 
photochemical reactions (Heck et al., 2009). Its major source is from vehicle exhaust, 
which consists of 60% of all CO emissions in the nation, with 95 % from cities (EPA, 
1995).  
 Catalytic converters convert toxic gases by oxidation of CO to CO2 and HC to 
CO2 and H2O and simultaneously by reduction of NOx to N2 using precious metal 
catalysts such as Pd, Rh and Pt. These metals are exceptionally active, stable at high 
temperatures, and have high resistance to sulfur (Heck et al., 2009).  However, their costs 
are high and resources are limited. Fortunately, some base metal oxide shows relatively 
high CO oxidation activity per specific surface area compared with those of precious 
metals (Kummer, 1975) (Kummer, 1980). Especially, CuO has relatively high CO 
oxidation activity, comparable to Pt, when its volume is increased. However, its low 
hydrothermal stability and low sulfur poisoning resistance needs to be further improved 
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for high temperature and sulfur containing exhausts. Despite high interest in CuO, there 
are no automotive catalysts those primary use base metals for gasoline vehicle emission 
control to date (Heck et al., 2009). They can however be candidates for less demanding 
applications such as low temperature and steady state catalytic conversion of exhaust 
gases from stationary applications. Highly active CuOx catalysts for CO oxidation 
containing Cu1+ species were reported (Huang et al., 1991), but they require careful pre-
treatment to achieve metastable Cu1+ species (Pillai et al., 2006). 
 Niobium oxides have attracted immense attention, while shown to have some 
important properties in heterogeneous catalysts such as a support, a promoter, and an 
acid: Nb2O5 as a support was reported to induce strong metal support interactions (SMSI) 
due to its reducibility resulting in higher activity and selectivity in hydrogenation of 
CO/H2 (Iizuka et al., 1982) (Ko et al., 1983) (Kugler et al., 1980) (Soares et al., 1993) 
(Uchijima, 1996). When Nb2O5 is used as a promoter (Tauster et al., 1981) (Noronha et 
al., 2000) (Alegre et al., 2006) (Barakat et al., 2012) (Rooke et al., 2013), it shows strong 
interaction between Nb and other metals, altering their oxidation states. Nb-containing 
mixed metal oxides shows higher activity for NOx-SCR reaction due to enhanced 
adsorption of NH3 on its acid sites (Okazaki et al., 1983-a) (Sazonova et al., 1994) 
(Tanabe et al., 1995). Niobic acid (hydrated-Nb2O5) possesses an acidity equal to about 
70% that of sulfonic acid and is used for dehydrogenation of various alcohols (Kurosaki 
et al., 1987) (Okazaki et al., 1987-b) (Okazaki et al., 1990) (Ouqour et al., 1993).  
 This thesis will provide investigations of Nb-O-Cu interactions in CuO-Nb2O5 
solid solution mixtures, as well as CuO supported on Nb2O5. The formation of strong Nb-
O-Cu interactions and the positive effect on CO oxidation activity will be a main focus of 
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this thesis. As will be shown, CuO supported on Nb2O5 forms stable surface Cu1+ species, 
generating higher CO oxidation activity compared with CuO supported on Al2O3. 
Reasons for Nb-O-Cu interactions and surface Cu1+ species are discussed. Detailed 
optimization studies on a CuO/Nb2O5/Al2O3 ratio are also reported. Isothermal aging test 
at 155˚C shows high activity and stability of Cu1+ species in air over night. But, the high 
CO oxidation activity of the CuOx/Nb2O5 sample deteriorates upon thermal aging at 
temperature above about 300˚C. The observed changes in structure and activity upon 
aging are also discussed. The kinetic parameters for CO oxidation over CuO/Nb2O5 are 
discussed to determine an effect of reactant and product concentrations (reaction orders) 
as well as the activation energy. An empirical rate law is developed and consequences of 
the rate model for designing an optimal operation system are discussed. 
Chapter 2 - Background  
2.1 - Oxygen Storage Component in Three-Way Catalysts 
 A zirconia-ceria (ZrCe) solid solution is widely used in three-way catalytic 
converters (TWC) as an oxygen storage component (OSC). The TWC must oxidize 
carbon monoxide and hydrocarbons while reducing nitrogen oxides simultaneously. For 
instance, under slightly rich conditions with a very low partial pressure of oxygen (PO2), 
CO and HC oxidation occurs when the oxygen storage component supplies the oxygen. 
Under slightly lean conditions (excess air) with high PO2, NOx reduction occurs when the 
oxygen storage component stores the oxygen making the gaseous environment suitable 
for NOx reduction. A high rate of conversion is required and is achieved near the 
stoichiometric air-to-fuel ratio. This ratio is controlled electronically using an oxygen 
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sensor coupled with a feedback controlled computer network. A lag in the response 
occurs and is managed chemically by an OSC incorporated into the three-way catalyst 
(Heck et al., 2009) according to reactions (Eqs. 5 & 6) below. 
2CeO2 + CO = Ce2O3 + CO2  (Rich condition)     (5) 
Ce2O3 + O2  = 2CeO2 (Lean condition)      (6) 
2.1.2 - Pure Ceria  
 Pure ceria (CeO2) has low thermal stability at high temperatures, causing 
degradation in oxygen storage (OS) performance. It was traditionally accepted that a 
cause of the performance loss originates by a reduction of its internal surface area. 
However, recent studies have shown that the cause of the performance loss is not only 
due to the reduced surface areas but also the loss of active oxygen. Analysis by 
temperature-programmed desorption (TPD) was used to discuss the presence of the active 
oxygen in pure CeO2 and its loss at high temperature (Putna et al., 1996) (Putna et al., 
1997) (Bunluesin et al., 1997). The nature of the active oxygen was analyzed by pulsed 
neutron diffraction and proposed that it is a vacancy-interstitial (Frankel-type) oxygen 
defect in CeO2. These defects disappeared after high temperature treatment at 800˚C.  In 
short, it is now accepted that interstitial oxygen is the active species contributing to the 
performance loss at elevated temperatures (Mamontov et al., 2000). 
2.1.3 - Ceria-Zirconia 
 The formation of a solid solution of zirconia (ZrO2) with CeO2 (ZrCe) is known to 
enhance hydrothermal thermal stability, thus retaining the desired high surface area  
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(Ozawa et al., 1993). However, some ZrCe solid solutions with low surface area, can 
exhibit higher oxygen storage capacity than pure CeO2 (Fornasiero et al., 1995) 
(Fornasiero et al., 1996). A new mechanism was therefore proposed (Mamontov et al., 
2000): in which the introduction of smaller Zr ion (ionic radius of Zr4+: 92 pm) causes the 
generation of the larger Ce3+, (ionic radius of Ce3+: 113 pm, Ce4+: 107 pm), which 
eliminates the structural strain in the fluorite structure, caused by the introduction of the 
Zr ion into the lattice. The presence of Ce3+ suggests the presence of oxygen vacancies in 
the structure. Electron paramagnetic resonance (EPR) measurements support the 
hypothesis that the ZrCe solid solutions have more oxygen defects than the pure CeO2. 
Moreover, pure CeO2 loses its defects after aging at high temperature, but with the Zr-
containing CeO2 most of the defects are preserved even after aging. The cause of 
enhanced thermal stability of the fluorite structure was discussed as follows: The 
presence of smaller Zr ion in the partially tight tetrahedral site causes local atomic 
compression. This stabilizes the intestinal oxygen in the octahedral site. The stabilization 
of the oxygen avoids the recombination of interstitial oxygen and oxygen vacancies. In 
short, Zr introduction to CeO2 stabilized its defect structure (𝑉! and 𝑂!) and facilitates 
the redox properties of the sample. A key for high oxygen storage (OS) performance is 
not only large surface area but also the presence of defects (Mamontov et al., 2000). 
2.1.4 - An Optimal CeO2 to ZrO2 Ratio 
 Cerium rich ZrO2 has a huge disadvantage that only a fraction of CeO2 is 
reducible. Analysis by H2-TPR, with different ratios of CeO2 to ZrO2 shows the optimal 
ceria content to be approximately 20%. When the concentration is higher than this, the 
reducibility strongly deviates from the theoretical H2 uptake (Bortun et al., 2002). Other 
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theoretical studies support the result that about 10% of CeO2 showed the lowest 
activation energy for oxygen vacancy migration to the nearest neighbor, low reduction 
energy of Ce4+ to Ce3+, and low lattice energy associated with short cell constants 
(Balducci et al., 1997). 
2.1.5 - Further Formation of Oxygen Vacancies by Doping with Y3+ 
 The introduction of Y3+ (Li et al., 1994-a) has been studied and found to further 
enhance OS performance. It is common to use lower valent cations such as Y3+ for the 
formation of oxygen vacancies according to Eq. 2. A modern OS material, used 
commercially in TWC, consists of a ZrCe solid solution with dopants such as (Y3+).  
2.1.6 - Further Enhancement of Oxygen Storage Properties by Doping with Nb5+ 
 A new Nb-containing OSC (Nb-ZrCeYO) has been patented (Bortun et al., 2002), 
and shows surprising results since high valency cations such as Nb+5 have low solubility 
in ceria (Naik et al., 1979). However, having equal moles of Y and Nb increases the 
solubility of the Nb species (Li et al., 1994-b) used by Bortun et al. in their studies. 
Dissolution of Nb5+ ( 𝑁𝑏! )  in the ceria forms Ce
3+ according to the electron 
compensation mechanism as Eq. 3. This can be expressed by the consumption of oxygen 
vacancies according to Eq. 4. However, this may not reduce the number of oxygen 
vacancies, while the presence of Y ions compensates for the loss by forming oxygen 
vacancies as shown in Eq. 2. It was also reported that the Nb-ZrCeYO enhanced OS 
performance compared to the reference (ZrCeYO, free-Nb) (Bortun et al., 2002). A 
feasibility test of the Nb-ZrCeYO for the TWC application was evaluated using Redox 
cyclic (~10) tests and demonstrated successfully. This result also confirmed the enhanced 
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OSC performance of the Nb-containing materials with respect to higher rates and extents 
of redox behavior at temperatures within the typical operating range of three-way catalyst 
(300 to 600˚C) by Simson et al. (Simson et al., 2014). 
 Ce3+ species (localized electron) is known to enhance oxidation reactivity of Nb-
containing CeO2 samples compared to samples without Nb. It was suggested that the 
electron transfer to oxygen species, adsorbed on the Ce3+ sites in the Nb-containing 
material, enhances the reactivity of the oxygen (Ramíez-Cabrera et al., 2002). Thus, in 
our case, the localized electrons (Ce3+) formed by doping Nb, may transfer to adsorbed 
H2 molecules on the Nb-containing OSC, lowering the reduction temperature. 
 The smaller size of Zr4+ ions compared to Ce4+ is known to induce the reduction 
of Ce4+ to Ce3+ thereby removing strain in the lattice (Mamontov et al., 2000). While 
Nb5+ ions  (ionic radius of Nb5+: 78 pm) have similar ionic sizes as Zr4+, they may also 
initiate the reduction of Ce4+ to Ce3+ by the doping Nb into the CeO2 structure, which 
results in formation of oxygen vacancies. 
 In conclusion, pure CeO2 is an active component in OSC, but it is not thermally 
stable in the typical temperatures experienced in the auto exhaust catalyst. The 
introduction of ZrO2 to CeO2 successfully improves the thermal stability and OS property 
by maintaining a high surface area and a high concentration of the defects (𝑉! and 𝑂!), 
which are key features to improving OS performance. The best CeO2/ZrO2 ratio is 20/80. 
If the amount of CeO2 exceeds more than 20%, the reducibility of CeO2 decreases. 
Doping with Y3+ to CeO2-ZrO2 increases oxygen vacancies and thus increases the OS 
property. The causes of enhanced OS property by the presence of Nb may be the 
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following: Electron transfer from the Ce3+ to the adsorbed gas molecules to enhance 
catalytic reaction activity. Smaller ionic size of Nb5+ compared to Ce4+ induces the 
reduction of Ce4+ to Ce3+ to create oxygen vacancies.  
 Our approach of doping Nb5+ into ZrO2-CeO2-Y2O3 is reported in this thesis and 
shows enhanced OS performance.  
2.2 - Carbon Monoxide Abatement by A Niobium Oxide Supported Catalyst 
2.2.1 - Carbon Monoxide 
 Carbon monoxide (CO) is a colorless and odorless gas, which has high affinity for 
hemoglobin. It is a very toxic gas for humans and animals. The lethal concentration is 
about 650 to 700 ppm (Jones et al., 1971) and this value is independent of the total 
pressure up to 1 MPa (Rose et al., 1970).  It is also known as a precursor to ground level 
ozone and causes respiratory issues. The water solubility of CO is small: only 23 ml of 
CO (gas) is dissolved by 1L of liquid water, which makes it impossible to abate with 
aqueous treatments. CO is a highly flammable gas, but requires a concentration in air as 
high as 75 vol.% (Lewis et al., 1987). This value is hard to achieve while a typical range 
of CO in the polluted air is between 50 to 50 000 ppm. It is virtually impossible to 
thermally combust due to lack of flammability. Thus, oxidation of CO to CO2 is a 
solution since catalytic oxidation operates outside of the flammability concentration. 
2.2.2 - Main Source of CO Emission 
 The main source of CO is from the vehicle exhaust when gasoline is incompletely 
combusted. This makes up for approximately 60% of all CO emission from nationwide. 
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In cities, this value goes up as high as 95% of all CO emission (EPA, 1995). Other 
sources are from industrial processes: fuel combustion in boilers and incinerators.   
2.2.3 - Automotive Catalysts 
2.2.3.1 - Precious Metal Catalyst  
 An amendment to the U.S. Federal Clean Air Act in 1970 required a ten fold 
reduction of CO, HC, and NOx emission relative to a 1970 vehicle with no pollution 
abatement equipment. As consequences, catalytic converters were developed and 
installed in the U.S. in 1975 and 1990s in Europe and Asia. Precious metals (Pt, Rh, and 
Pd) have been used extensively for their exceptional activities (Heck et al., 2009). For 
CO oxidation catalysts, Pd is the most active among precious metals (Kummer, 1975) 
(Kummer, 1980). Three main reasons for using precious metal catalyst in commercial 
catalyst are: high resistance to sulfur and chlorine poisoning compared with base metals, 
higher specific activity than base metals, and are more thermally resistant compared to 
metal oxide catalysts (Heck et al., 2009). However, the high prices of noble metals and 
their limited availability are problems, and therefore, other metal oxides (Co, Cu, Mn, Fe, 
Cr, Ni, etc.) are continued to be studied with the goal of replacing noble metals.  
2.2.3.2 - Base Metal Catalyst 
 Relatively high intrinsic CO oxidation activities per unit surface areas of metal 
oxides compare with those of precious metals at 300˚C and are listed in Table1 
(Kummer, 1975). Co3O4 exhibits the best CO oxidation activity, but has some drawbacks: 
Co3O4 is much more susceptible to sulfur poisoning compared to CuO. Particulate Co3O4 
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is more hazardous (carcinogenic) compared with those of CuO (Kummer, 1980). CuO 
has the second best CO oxidation activity among base metal oxides, and if the volume is 
increased, it has similar CO oxidation activity compared to that of Pt catalyst. CuO is 
often supported on high surface area Al2O3 (Huang et al., 1991) for increased dispersions 
of the Cu species to achieve higher activity per specific volume. Furthermore, automotive 
catalysts use large honeycomb substrates, which is the best method for employing base 
metal oxides for automotive catalysts. In short, CuO has relatively high CO oxidation 
activity, which is similar to Pt, when the catalysis volume is increased.  
Table 1 Specific reaction rate of CO oxidation, with 1%CO, 1%O2, with 0%H2O at 










 Copper oxide (CuO) is reducible and has oxidation states of +2, +1, and 0. It has 
been reported that Cu2O is more active than CuO for CO oxidation reactions (Pillai et al., 
2006), but they are not easily stabilized as Cu2O (Oguchi et al., 2005). Normally Cu1+ 
species are obtained from either a commercial Cu2O sample received in inert gas (Huang 
et al., 1991) or activated Cu1+ with careful pretreatment (Pillai et al., 2006).  











2.2.4 - Niobium Pentoxide (Nb2O5) 
 Nb2O5 is the most thermodynamically stable niobium oxide among its oxides:  
NbO, and NbO2, and Nb2O5. Nb2O5 exists as mixed metastable phases, depending on the 
preparation method. The most thermodynamically stable phase is monoclinic H-Nb2O5 
(Venkatarj et al., 2002). Heating niobium hydroxide in air for three hours results 
indifferent phases: pseudo-hexagonal Nb2O5 at 500˚C, orthorhombic Nb2O5 at 700 to 
800˚C, tetragonal Nb2O5 at 1000˚C, and monoclinic Nb2O5 at 1000˚C (Kodama et al., 
2006). Nb2O5, like other oxides, is non-stoichiometric, and the chemical formula should 
be expressed: Nb2O5-y with 0 < y < 1. 
 A normal oxidation state of Nb atom is +5 with an electronic configuration of 
[Kr]4d0, showing that all d-electrons are transferred to the O 2p-band, with Nb 4d-band 
empty (Kurmaev et al., 2002). The band gap of Nb2O5 is about 3.2 eV (Herman et al., 
1979). These results indicate insulator properties. However, conductivity of Nb2O5 
strongly depends on the stoichiometry and since it is indeed non-stoichiometric (Nb2O5-
y), it actually possesses n-type semiconducting properties (Marucco, 1974).  
2.2.4.1 Application in Catalysis  
 Niobium containing compounds are great interest in several heterogeneous 
catalyst applications as support, promoter, mixed oxides, niobic acid (Nb2O5-nH2O), and 
others (Tanabe et al., 1995).  
 Nb2O5 enhances activity and selectivity of several catalytic reactions, when used 
as a catalysis support. Strong metal support interactions (SMSI) with Nb2O5 are formed 
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due to its reducibility. SMSI is induced when niobium oxides (Nb2O5) are partially 
reduced to form niobium sub-oxides (NbOx), which partially mask active sites. Analysis 
of the TPR data proves that SMSI occurs at higher reduction temperatures in the presence 
of NbOx (Uchijima, 1996). Hydrogenolysis of hydrocarbons is one of the side reactions 
during hydrogenation, and is structure-sensitive reaction, but strongly suppressed by the 
SMSI, resulting in high selectivity and activity in hydrogenation. Rh supported on Nb2O5 
showed the best activity and selectivity for hydrogenation of CO with H2 (Fischer-
Tropsch synthesis) among other supports such as ZrO2, Al2O3, Al2O3, SiO2, MgO (Iizuka 
et al., 1982). Ni supported on Nb2O5 was also reported to have much higher activity 
compared with Ni/Al2O3 (Kugler et al., 1980) or Ni/SiO2 (Ko et al., 1983). It was 
concluded that cause of the activity enhancement was due to the SMSI between Nb2O5 
with Rh or Ni (Ko et al., 1983). Co supported on Nb2O5 showed high selectivity of the 
diesel fraction in Fischer-Tropsch synthesis and was assumed that new cobalt species are 
formed and these Co species strongly interact with Nb2O5 (Soares et al., 1993). 
 When Nb2O5 was used as a promoter, 1%Pd/10%Nb2O5/Al2O3 showed higher 
propane oxidation activity compared with that of Pd/Al2O3. It was explained that 
polymeric NbOx structure (near monolayer) favored Pd0/Pd2+ mixture due to the 
promoting effect of niobium oxides (Noronha et al., 2000). 1%Pd/Nb2O5/Al2O3 showed 
worse methane oxidation than Pd/Al2O3. The Nb-promoted catalyst had mixture of 
Pd0/Pd2+ (Alegre et al., 2006). 0.5%Pt /Nb-TiO2 showed higher activity for VOC (butane-
1-ol, toluene) abatement with higher selectivity for CO2 compared with 0.5%Pt/TiO2 
(Rooke et al., 2013). Pd/Nb-TiO2 showed improved low temperature VOC activity 
compared to 0.5%Pd/TiO2 (Rooke et al., 2013). Analysis of TPR from Rooke et al. 
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showed reductions of Nb-containing catalysts occur at lower temperatures compared to 
the catalysts without Nb. High reducibility of Nb species with Pd between 100˚C to 
200˚C were reported (Tauster et al., 1981) (Barakat et al., 2012) and electrons from the 
reductions are transferred to the active sites (Pd or Pt), reducing gases adsorbed on noble 
metal (Tauster et al., 1981). Moreover, the absent of a reduction in the TPR profile of the 
Nb-doped PdO sample was due to a possible interaction between Pd and Nb suggesting 
that Pd was in the metallic state Pd0. In short, Nb as a promoter showed many cases 
where strong interaction between Nb and precious metals (Pt and Pd) alter their oxidation 
states. 
 Niobium effects in mixed oxides were reported: A mixed oxide of V2O5/TiO2 is 
commercially used for NOx-SCR reduction with NH3 (4NO + 4NH3 + O2 à 4N2 + 
6H2O) to remove the NOx from exhaust gas. Nb2O5 supported on TiO2 or Nb2O5 mixed 
with TiO2 (Nb2O5/TiO2) showed high catalytic activity for this reaction. High activity 
was attributed to increased acidity due to Nb2O5 (Okazaki et al., 1983). Nb2O5 not only 
enhances the activity but also increases its resistance against SO2 poisoning (Sazonova et 
al., 1994). Fe(95)Nb(5)Ox showed improved activity and selectivity at lower temperature 
compared to FeOx even with sulfur present for the NOx-SCR reaction (Tanabe et al., 
1995). Fe2O3 becomes highly active even if a small amount of Nb2O5 is added.  
 Hydrated niobic acid (Nb2O5-nH2O) shows strong surface acidity equivalent to 
70% of sulfonic acid and exhibits high activity, selectivity for acid-catalyzed reactions, 
where water molecules participate such as dehydration of alcohols: 2-propanol (Ouqour 
et al., 1993), cyclopentanol (Kurosaki et al., 1987) and cyclohexanol (Okazaki et al., 
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1990), The acid strength of niobic acid can be enhanced by pre-treatment with strong acid 
such as sulfonic (Okazaki et al., 1987-b) and phosphoric acid (Kurosaki et al., 1987).   
 In conclusion, three main beneficial effects of Nb in heterogeneous catalysts are 
summarized above: SMSI from reducible Nb2O5 support, promotional effects with 
electron transfer to precious metals, and strong acidity for high affinity for NH3 
adsorption and sulfur resistance, as well as for acid catalysis. 
 In order to replace Pt by CuO for CO oxidation reaction in TWC, there are two 
main challenges: Cu has low intrinsic activity compared to Pt and Cu easily suffers from 
sulfur poisoning. Higher intrinsic activity of Cu1+ has been reported but it is metastable. 
Nb2O5 has sulfur poisoning resistance and can alter the oxidation states of deposited 
metals, thus I hypothesize Nb2O5 will generate and stabilize Cu1+ species. This thesis 
focuses on the interaction between CuO and Nb2O5 in order to overcome current 





Chapter 3 - Oxygen storage and redox properties of niobium-doped zirconia-ceria-
yttria solid solutions for three-way automobile exhaust catalytic converters 
The contents of this chapter have been submitted in Catalysis Today in a paper entitled “ 
Oxygen storage and redox properties of niobium-doped zirconia-ceria-yttria solid 
solutions for three-way automobile exhaust catalytic converters”. 
3.1 - Experimental 
3.1.1 - Material Synthesis 
 The Nb-containing oxide, with a composition of Zr0.65Ce0.20Y0.075Nb0.075O2 was 
prepared by a precipitation method. An aqueous solution of ZrO(NO3)2, Ce(NO3)3, and 
Y(NO3)3 with the desired ratio of Zr, Ce and Y was prepared first. The aqueous solution 
of ammonium niobium (V) oxalate (C6H4NNbO12)NH4[NbO(C2O4)2(H2O)](H2O)n (ANO, 
AD-5116, CBMM  was prepared separately and then added to the first solution. After 
vigorous agitation, a 0.2 M aqueous solution of ammonium hydroxide was used to co-
precipitate metal hydroxides. The filter cake of the precipitated hydroxides was 
thoroughly washed with water three times and calcined at 550˚C for two hours in air. The 
calcination temperature was selected to be above the decomposition temperature of the 
nitrates, as determined by thermogravimetric measurements to insure complete 
decomposition of residual nitrates in the filter cake.  
 A Nb-free reference sample with a composition of Zr0.70Ce0.22Y0.080O2, intended 
to match the state-of-the-art OSC composition, was prepared using the same procedure as 
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above, with the exception of the addition of the Nb-salt. A second reference sample of 
crystalline niobium pentoxide was prepared by calcination of amorphous Nb2O5 in air at 
500°C for two hours. A subset of the Nb-containing and Nb-free samples was 
impregnated with Pt to compare the OS behavior with and without Pt. The impregnation 
of samples with platinum was achieved by adding Pt-A salt (non-alkali and halide 
containing water soluble salt) with acetic acid so that the amount of Pt was 0.5 wt.% of 
the calcined oxide. Calcination was conducted at 550˚C for two hours in air. Pt-A salt 
decomposed to PtOx and metallic Pt upon calcination in air (Mostafa et al., 2009). 
3.1.2 - Characterization 
3.1.2.1 - Powder X-ray Diffraction 
 X-ray diffraction (XRD) was employed for phase identification and determination 
of lattice parameters. The diffraction patterns were collected on a PANalytical X’Pert 
instrument using Cu Kα radiation (λ = 0.15418 nm) at a voltage of 45 kV and current of 
40 mA. The intensity data were recorded in 2θ range 10-80°, with a step size of 0.01˚ and 
an acquisition time of 500 s per step. In order to investigate the change of the lattice 
parameter with time of exposure to the ambient, XRD patterns were collected on days 2, 
11, 18, 25 and 31 after the material had been prepared (taken as day zero). Pt-
impregnation was done on day 31 on a small portion of the aged same batch of material. 
The X-ray diffraction pattern of the Pt-impregnated sample was collected the following 
day (day 32). 
 Lattice parameters were obtained using Rietveld refinement (Rietveld, 1969) 
employing the General Structure Analysis System (GSAS) (Larson et al., 2000) and its 
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graphical user interface EXPGUI (Toby, 2001). The peak shape was assumed to be a 
modified pseudo-Voigt function with terms accounting for the peak asymmetry due to 
axial divergence (Finger et al., 1994). The background was fitted using a 5-term shifted 
Chebyschev polynomial and was refined simultaneously with the structure parameters. 
Instrument parameters were obtained using Le Bail refinement (Le Bail et al., 1988) of 
the XRD pattern of the standard reference material (SRM) 640d silicon powder, prepared 
by National Institute of Standards and Technology (NIST), and known to exhibit neither 
size nor strain broadening. The structures used as the initial structures for the refinement 
were ICSD collection codes 152477 for the cubic fluorite structure and 86607 for the 
tetragonal fluorite structure. For the fluorite structures, metal site occupancies were 
modified to match the sample compositions, and for the cubic fluorite structure a starting 
lattice parameter was manually calculated from the experimental XRD data. For the 
Nb2O5 reference sample ICDD card 07-0061 was used, but no structure refinement was 
carried out.  
 To determine the oxidation state of Ce in the near surface regions of the samples, 
X-ray photoelectron spectra of the oxide were obtained in a Perkin-Elmer PHI 5500 XPS 
instrument (Physical Electronics Inc., Chanhassen, MN, USA) equipped with a Mg Kα 
monochromatic source. The main chamber of the instrument was evacuated to ~10−9 
Torr. The 1s peak of C, with standard binding energy of 284.6 eV, was used for peak 
position calibration.  
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3.1.2.2 - Raman Spectroscopy 
 To determine the molecular structure of the samples, Raman spectra were 
collected under ambient conditions in a Horiba LabRam Aramis microscope. The beam 
was filtered with a D1 filter. The samples were excited with a YAG DPSS laser at 532 
nm, and the spectra were acquired with an exposure of 1 s with ten exposures per 
accumulation, and two accumulations per measurement. Each sample was measured five 
times at different locations to evaluate spatial reproducibility. The spectra were collected 
in the range of 700 cm-1 to 1000 cm-1 to avoid the overlap of zirconium oxide and 
niobium oxide peaks below 700 cm-1 (Jehng et al., 1991-a).  
3.1.2.3 - BET Surface Area 
 To determine the surface area of the samples, single-point BET experiments were 
conducted in Quantachrome ChemBET instrument. Prior to the measurements, samples 
were degassed at 130˚C for 30 minutes using an inert gas (N2) at a flow rate of 30 
ml/min.   
3.1.2.4 - Thermogravimetric Analysis 
 The oxygen storage capacity of the samples was assessed in a Netzsch STA 
449F3 thermogravimetric analyzer (TGA) by conducting temperature programmed 
oxidation and reduction (TPO/TPR) cycles at a heating rate of 5˚C/min. The gas mixture 
for the oxidation step was N2-1%O2 and for the reduction step N2-4%H2. The sample 
mass for the experiment was approximately 50 mg. In the aging step, the sample was 
heated from 25˚C to 800˚C, maintained at 800˚C for two hours in N2-1%O2 and then 
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cooled to room temperature. Aging was followed by the first TPR step conducted in the 
same temperature range. The sample was then cooled and subjected to a TPO step, 
cooled, and then subjected to the second TPR cycle. Since oxidation is relatively fast 
compared to reduction, and redox cycling is shown to enhance reducibility of OS 
materials (Kuhn et al., 2013) the OS capacity of each sample was quantified using the 
reduction data alone. A separate set of experiments showed nearly identical reduction 
behavior from the second to the tenth reduction cycle. Thus, the results from the second 
TPR step were considered as a suitable measure of the oxygen storage capacity and are 
reported as mmol O2/g-sample released during reduction.   
 The sensitivity of the OS behavior of the Nb-containing oxide to exposure to 
ambient air was assessed by a vacuum study. A freshly prepared sample was divided into 
small portions (~100 mg). Each portion was encapsulated in a sealed glass tube evacuated 
to a pressure in the range of 10-6 to 10-7 Torr. Samples were removed, each after a given 
number of days up to a maximum of 29 days, from the sealed tubes and immediately 
subjected to the TPR/TPO/TPR cycles to quantify the OS behavior.  
3.2 - Results and Discussion 
3.2.1 - Structural Analysis by Powder X-ray Diffraction 
 Figure 1 shows the XRD patterns for the Nb-ZrCeYO sample and the reference 
ZrCeYO sample. The patterns are very similar and can be satisfactorily indexed using 
both the cubic fluorite and the tetragonal fluorite structures, the latter with c/a = 1.008. 
The figure also shows the XRD pattern for hexagonal Nb2O5. The absence of detectable 
peaks for this phase in the Nb-ZrCeYO pattern allows us to conclude that, in agreement 
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with the prior report by Simson et al. (Simson et al., 2014), the sample is either fully or 
primarily a single phase solid solution. 
 
Figure 1 XRD patterns of Nb-ZrCeYO-fresh (Zr0.65Ce0.20Y0.075Nb0.075O2) (top), ZrCeYO 
(Zr0.70Ce0.22Y0.08O2) (middle), both calcined at 550˚C for two hours in air, and Nb2O5 
calcined at 500˚C for two hours in air (bottom). 
3.2.2 - Surface Oxidation States Measurement by X-ray Photoelectron Spectroscopy 
 Figure 2 shows the Ce3d XPS spectra of the Nb-ZrCeYO and the ZrCeYO 
samples. There are six peaks labeled as v0, v1, v2 from 3d5/2 and v0’, v1’, v2’ from 3d3/2, 
which correspond to three pairs of spin-orbit doublets characteristic of Ce4+ 3d final 
states (Pfau et al., 1994) (Xiao et al., 2003). There are also two peaks, u1 and u1’, which 
correspond to the Ce3+ 3d final states. The lower intensity of the v2’ peak relative to u1 
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and u1’ in the Nb-containing sample compared with the Nb-free sample indicates the 
presence of a larger surface concentration of Ce3+ (𝐶𝑒!! ) species in the former compared 
to the latter (Qiu et al., 2006). Thus, some fraction of the Nb ions must be dissolving by 
the electronic compensation mechanism given in Eq. 2. 
 
Figure 2 Ce 3d XPS spectra of Nb-ZrCeYO-fresh (Zr0.65Ce0.20Y0.075Nb0.075O2) and 
ZrCeYO (Zr0.70Ce0.22Y0.08O2). Both samples were calcined at 550˚C for two hours in air. 
3.2.3 - Surface Molecular Analysis by Raman Spectroscopy 
 Figure 3 shows the Raman spectra for the Nb-free sample and for the Nb-
containing sample, the latter in three states, freshly prepared, after one month of exposure 
to ambient air, and following Pt-reactivation after one month of exposure to ambient air. 
The spectra of the Nb-containing samples all show a prominent, but broad peak at 760 m-
1, which is not seen for the Nb-free sample in this wave number range. Prior studies of 
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binary mixtures of Y2O3-Nb2O5 calcined at 1700˚C by Yashima et al. (Yashima et al., 
1997) and ternary mixtures of ZrO2-Y2O3-Nb2O5 calcined at 1550 ˚C by Lee et al. (Lee et 
al., 2001) (Hardcastle et al., 1991) have found a similarly broad peak in the Raman 
spectrum of the fluorite structure. Therefore, the presence of this peak in the samples 
studied here provides further confirmation that Nb is incorporated into the solid solution. 
However, the peak is at a lower wave number when compared with the peak reported by 
Yashima et al. (778 cm-1) and by Lee et al. (770 cm-1). 
 Hardcastle and Wachs (Hardcastle et al., 1991) calculated a wavenumber of 
787±30 cm-1 for the stretching frequency of the Nb-O bond in a perfect, undistorted 
NbO4 tetrahedron using the diatomic approximation. Thus, in agreement with the 
conclusion drawn by Lee et al. regarding their peak at 770 cm-1, the peak at 760 cm-1 in 
Fig. 3 is assigned to the stretching frequency of the Nb-O bond in a NbO4 tetrahedron. 
Lee et al. further attributed the lower wave number of their peak when compared to the 
calculated wave number by Hardcastle and Wachs (Hardcastle et al., 1991) to distortions 
of the NbO4 tetrahedron. The exact nature and extent of the distortion is expected to 
depend on the type and concentrations of the other metal ions present in the oxide, and 
consequently should depend on the oxide studied. The samples studied here are 
quaternary Nb-ZrCeYO oxides containing ceria, whereas Lee et al.’s samples were 




Figure 3 Raman spectra of Nb-ZrCeYO (Zr0.65Ce0.20Y0.075Nb0.075O2) in three states, 
freshly prepared, stored in air at room temperature for one month and then impregnated 
with Pt. Each sample was taken from the same batch, calcined at 550˚C for two hours in 
air. 
 With regard to the breadth of the peak at 760 cm-1, Yashima et al. attributed the 
large width of the peak to the high concentration of oxygen vacancies in their cubic 
fluorite phase, which results from the fact that their Nb-YO samples were Y2O3-rich. 
They argued that the large concentration of oxygen vacancies breaks the long range 
translational symmetry of the perfect cubic fluorite structure, and, as a result, gives rise to 
a spectrum of bond vibrational energies and hence a broader peak when compared to 
phases that are closer to the exact stoichiometric fluorite ratio of metal to oxygen of 1:2. 
This explanation is expected to apply only in part to the samples studied here since the 
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deviation of the oxygen stoichiometry from the ideal fluorite stoichiometry is not as large 
in these sample as those for the Y2O3-rich binary Nb-YO oxides studied by Yashima et 
al.  
 Figure 3 also evidences the presence of a second, but weaker and broader peak 
than the peak at 760 cm-1, for the Nb-containing samples. For the freshly prepared sample 
and the sample exposed to ambient air for one month, this peak is at approximately 850 
cm-1. After Pt-impregnation and re-activation, the peak is at a lower wave number of 
approximately 830 cm-1. The assignment of these weak peaks to given Nb-O bond 
vibrational frequencies is more challenging than the peak at 760 cm-1, but it is attempted 
based on the following reports in the literature.  
 Jehng and Wachs (Jehng et al., 1991-b) and Hardcastle and Wachs (Hardcastle et 
al., 1991) examined the Raman spectra of hydrated and dehydrated surface of niobium 
pentoxide, in addition to the spectra of a large number of other Nb-containing oxides. The 
spectra for Nb2O5 in both the hydrated and dehydrated states exhibit a broad band in the 
range 800-1000 cm-1. Hardcastle and Wachs argued that this band along with other bands 
in the spectra are consistent with stretching modes of Nb-O and Nb=O bonds in a 
distorted NbO6 octahedron, with different degrees of distortion. Blasse (Blasse, 1973) and 
Yashima et al. (Yashima et al., 1997) reported a Raman peak at 832 and at 831 cm-1, 
respectively, for the Nb-O bond in NbO4 tetrahedra in fergusonite (YNbO4). Lee et al. 
observed a broad shoulder on the Raman peak at 770 cm-1, which they attributed to the 
ordering of the Y and Nb cations on the metal sites in their ternary Nb-ZrYO samples. 
They argued that this cation ordering results in NbO4 tetrahedra that resemble those in 
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fergusonite and thus have Nb-O bond vibration frequencies that are representative of this 
structure.  
 Based on these reports, the broad peaks at 850 cm-1 in the freshly prepared and 
one-month air exposed Nb-ZrCeYO samples are likely dominated by surface Nb-O or 
Nb=O bonds in distorted NbO6 octahedra. In contrast, in the Pt-reactivated sample, these 
surface species have been significantly reduced as a result of inward Nb migration away 
from the surface and into the bulk of the solid solution, as will be discussed in the next 
section. Thus, in this sample, the Nb-O bond stretching frequency associated with the 
NbO4 tetrahedron in a fergusonite-like environment dominates the observed broad peak 
at 830 cm-1.  
3.2.4 - Physical Properties of Materials 
 BET surface areas for the Nb-ZrCeYO and the reference ZrCeYO samples are 81 
m2/g and 88 m2/g, respectively. Given that these values differ by only ~10%, the 
reducibility of the two oxides can be directly compared. In addition, Scherer analysis 
shows the particle sizes for the two samples to also be comparable at respectively 8 nm 
and 6 nm for the cubic fluorite structure or 7 nm and 9 nm for the tetragonal fluorite 
structure. 
3.2.5 - Oxygen Storage and Redox Properties by Thermogravimetric Analysis 
 Figure 4 presents the results of the second TPR cycle for freshly prepared Nb-
ZrCeYO and ZrCeYO samples. In agreement with prior reports (Bortun et al., 2002) 
(Simson et al., 2014), the Nb-containing sample shows enhancement of OS capacity in 
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two regions of temperature, within the typical operating range of the TWC, 150˚C to 
290˚C and 365˚C to 580˚C, compared to the reference Nb-free sample (Simson et al., 
2014). However, the performance enhancement by Nb is only temporary, as will be 
shown below. 
 
Figure 4 Total oxygen desorbed during the 2nd TPR (5˚C/min in 60 ml/min of N2-4%H2 
flow) of the TPR-TPO-TPR cycle for Nb-ZrCeYO (Zr0.65Ce0.20Y0.075Nb0.075O2) and 
reference ZrCeYO (Zr0.70Ce0.22Y0.08O2) samples. Both samples calcined at 550˚C for two 
hours in air. Prior to testing, they were aged at 800˚C for two hours in N2-1%O2. 
 Figure 5 presents the TPR profiles of four Nb-containing samples. Each sample 
was taken from the same batch. The fresh sample shows enhanced reducibility. However, 
after exposure to ambient conditions for 13 days a strong deterioration of reducibility is 
observed. The TPR curve shows a clear shift to higher temperatures. By day 18, the 
deterioration of the OS capacity has stabilized, such that by day 21 and beyond (not 




Figure 5 Total oxygen desorbed during the 2nd TPR (5˚C/min in 60 ml/min of N2-4%H2 
flow) of the TPR-TPO-TPR cycle for Nb-ZrCeYO (Zr0.65Ce0.20Y0.075Nb0.075O2) and 
reference ZrCeYO (Zr0.70Ce0.22Y0.08O2) samples. Both samples calcined at 550˚C for two 
hours in air. Prior to testing, they were aged at 800˚C for two hours in N2-1%O2. 
Table 2 Temperature range and reducibility of the 1st and 2nd reduction steps for Nb5+ to 
Nb4+, and Ce4+ to Ce3+ respectively for Nb-ZrCeYO (Zr0.65Ce0.20Y0.075Nb0.075O2) in the 
freshly-prepared state and after being stored in air at room temperature for 21 days. The 
reducibility (%) was calculated as the mass loss during each reduction step corresponding 
to oxygen release due to the reduction of each metal. 
Sample 1
st reduction 
Nb5+ à Nb4+ 
2nd reduction 
Ce4+ à Ce3+ 
Nb-ZrCeYO-fresh 150˚C - 330˚C ~ 24 % 
330˚C - 800˚C 
~ 100 % 
Nb-ZrCeYO-21 days 150 to 400˚C ~ 37 % 
400˚C to 800˚C 
~ 90 % 
 The time-dependent OS behavior of the Nb-containing sample can be contrasted 
with the behavior of the reference ZrCeYO sample shown in Fig. 6, where no change in 
the TPR curve is seen when the freshly prepared sample is compared with the sample 




Figure 6 Total oxygen desorbed during the 2nd TPR (5˚C/min in 60 ml/min of N2-4%H2 
flow) of the TPR-TPO-TPR cycle for Nb-ZrCeYO (Zr0.65Ce0.20Y0.075Nb0.075O2) and 
reference ZrCeYO (Zr0.70Ce0.22Y0.08O2) samples. Both samples calcined at 550˚C for two 
hours in air. Prior to testing, they were aged at 800˚C for two hours in N2-1%O2. 
 Careful examination of TPR curves of the Nb-containing samples in Fig. 5 allows 
us to conclude that there are two reduction steps that take place as the sample is heated at 
a constant rate from room temperature up to 800˚C. It was reported that surface niobium 
species (NbOx) are reduced at much lower temperatures (~200˚C to ~300˚C) compared to 
bulk Nb2O5 (~800˚C) (Dacca et al., 1998). Thus, the first reduction step in the TPR 
curves corresponds to the reduction of Nb5+ species to Nb4+:  
𝑁𝑏!𝑂! +   𝐻! →   2𝑁𝑏𝑂! +   𝐻!𝑂        (7a) 
which can be written as a defect reaction using the Krӧger-Vink notation as: 
2𝑁𝑏! +   𝑂!∗ +   𝐻! →   2𝑁𝑏!∗ +   𝑉! +   𝐻!𝑂      (7b) 
The second reduction step corresponds to the reduction of Ce4+ to Ce3+: 
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𝐶𝑒𝑂! +   𝐻! →   𝐶𝑒!𝑂! +   𝐻!𝑂        (8a) 
which can also be written as a defect reaction as: 
2𝐶𝑒!∗   +   𝑂!∗   +   𝐻!   →   2𝐶𝑒!! +   𝑉! +   𝐻!𝑂       (8b) 
 The first reduction step (Eqs. 7a and 7b) for the freshly prepared Nb-ZrCeYO 
sample takes place in the temperature range 150˚C to 330˚C. During this step, 24% of 
Nb5+ atoms are reduced to Nb4+. The second reduction step (Eqs. 8a and 8b) takes place 
between 330˚C to 800˚C, during which 100% of Ce4+ is reduced to Ce3+. The 
temperatures and the extents of reduction for this sample can be contrasted with those for 
the sample stored in air for 21 days. For the latter sample, the first reduction occurs in the 
range 150˚C to 400˚C, with 37% Nb5+ reduced to Nb4+. The second reduction step takes 
place in the temperature range 400˚C to 800˚C with only 90% of Ce4+ reduced to Ce3+. 
Therefore, though the extent of the reduction of Nb5+ increases from 24% to 37% upon 
storing the sample in ambient air, the temperature required achieving this level of 
reduction also increases, and, equally importantly, full reduction of Ce4+ is not achieved. 
These results are summarized in Table 1 and suggest that gradual segregation of Nb to 
the surface occurred during ambient air storage of the sample and impacts the reduction 
of Ce4+. The observed color change of the Nb-ZrCeYO samples from opaque yellow to 
bluish-black after TPR is also consistent with the presence of niobium at the surface and 
its reduction from Nb5+ to Nb4+ in light of the fact that pure Nb2O5 is white whereas pure 
NbO2 is bluish-black. Surface segregation of Nb in an oxidizing ambient such as air is not 
surprising since even in the case of Nb dissolved in pure ceria at its equilibrium solubility 
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limit of only ~0.8 mol.%, more Nb is found on the surface compared with cerium (Jardim 
et al., 2015).  
 The time-dependent reduction behavior of the Nb-containing sample can be 
contrasted with the time independent behavior of the Nb-free reference samples. The 
fresh and the ambient-air stored samples, from the same batch, show almost identical 
reduction behavior, with both samples achieving 100% reduction of Ce4+ to Ce3+ (Fig. 6). 
In addition, after the TPR, samples remain yellow and do not turn bluish black since they 
are free of niobium.  
 Given the conclusion that the deterioration of the reduction behavior of the Nb-
ZrCeYO sample is a result of surface segregation of Nb upon exposure to oxygen in the 
ambient air, it is hypothesized that by reducing the partial pressure of oxygen the 
deterioration could be slowed. This hypothesis was tested by storing Nb-containing 
samples in evacuated glass tubes. The TPR curves for samples stored for a series of times 
are shown in Fig. 7. The sample stored in vacuum for 11 days shows almost identical 
behavior to the fresh one in stark contrast to a sample from the same batch stored in air 
for 15 days, for which the degradation of OS behavior is clearly observed. The sample 
stored in vacuum for 29 days shows some deterioration in OS behavior since there is a 
finite partial pressure of oxygen in the glass tube, but its performance is distinctly better 




Figure 7 Total oxygen desorbed during the 2nd TPR (5˚C/min in 60 ml/min of N2-4%H2 
flow) of the TPR-TPO-TPR cycle for Nb-ZrCeYO (Zr0.65Ce0.20Y0.075Nb0.075O2) samples 
in the freshly-prepared stated, after being stored air at room temperature for 15 days, and 
after being stored in vacuum for 11 days and 29 days. Each sample was taken from the 
same batch but was stored separately. All samples calcined at 550˚C for two hours in air.  
Prior to testing, they were aged at 800˚C for two hours in N2-1%O2. 
 Though these vacuum studies allow a slowing of the degradation of the OS 
behavior of the Nb-ZrCeYO sample to be demonstrated, they do not represent a 
practicable solution for automobile catalytic converters. Nevertheless, they do confirm 
that it is the exposure to oxidizing conditions that results in deterioration of OS capacity. 
Since this exposure also results in surface segregation of Nb, it can then be argued that 
exposure to reducing conditions should reverse the segregation and re-disperse Nb into 
the bulk of the solid solution. This has in fact been shown to be the case in the study by 
Ramírez-Cabrera et al. (Ramíez-Cabrera et al., 2002). This leads to the hypothesis that 
Nb surface segregation may be reversed and Nb may be re-dispersed into solution by 
mimicking a reducing condition through the use of a metallic element to supply electrons.  
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 Figure 8 shows the TPR curves for two samples, 0.5%Pt-impregnated reference 
sample ZrCeYO and 0.5%Pt-impregnated Nb-ZrCeYO that had deteriorated upon storage 
in ambient air for 21 days. The enhancement of OS performance is once again seen for 
the Nb-containing sample in the two temperature ranges 50 to 200˚C and 260 to 550˚C 
compared to the reference sample. For the Pt-impregnated Nb-containing sample only a 
single reduction step is seen, rather than two reduction steps for the Nb-containing 
sample without Pt impregnation (Fig. 4.5).  Furthermore, this single reduction step results 
in 100% reduction of Ce4+ to Ce3+. There is no reduction step corresponding to Nb5+ to 
Nb4+. In short, Pt-impregnation restores the enhancement in OS behavior of a Nb-
containing OSC. In addition, the Pt impregnated Nb-ZrCeYO sample shows stable OS 
behavior after an additional three weeks of storage in air at ambient conditions. 
 
Figure 8 Total oxygen desorbed during the 2nd TPR (5 °C/min in 60 ml/min of N2-4 %H2 
flow) of the TPR-TPO-TPR cycle for the Pt-Nb-ZrCeYO (0.5 wt.%Pt- 
Zr0.65Ce0.20Y0.075Nb0.075O2) and reference Pt-ZrCeYO (0.5 wt.%Pt- Zr0.70Ce0.22Y0.08O2) 
samples. Both samples calcined at 550˚C for two hours in air. Prior to testing, they were 
aged at 800˚C for 2 hours in N2-1 %O2. 
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3.2.6 - Lattice Parameter Determination by Reitveld Refinement  
 The deterioration and restoration of the OS behavior upon Pt-impregnation is 
correlated to changes in lattice parameter. The lattice parameter using the cubic fluorite 
structure increases from 5.169 Å on day 2 to 5.174 Å on day 11 and remained essentially 
constant up to day 31, at 5.176 Å. Pt-impregnation results in an increase in lattice 
parameter to 5.182 Å, which has also been reported for Pd incorporated into ZrCeO solid 
solutions (Acuna et al., 2010). Similar trends in lattice parameters are observed for the 
tetragonal fluorite structure. However, for both structures the changes in lattice parameter 
are smaller than the maximum error range arising from the zero point and sample 
displacement errors; therefore, it is difficult to draw definitive conclusions regarding the 
impact of air exposure and Pt-impregnation. Additional studies will be required to 
confirm these observations. Therefore, only the average values for the lattice parameters 
are given here. For the cubic fluorite structure: a = 5.174±0.003 Å, Rwp = 5.1-6.2%, and 
χ2 = 3.4-4.4 for days 2-31. For the tetragonal fluorite structure using basis vectors that are 
parallel to those for the cubic fluorite structure: a = 5.159±0.002 Å, c = 5.202±0.005 Å, 




Chapter 4 - Enhanced CO oxidation activity by formation of Cu1+ species on Nb2O5 
4.1 - Experimental 
4.1.1 - Material Synthesis 
4.1.1.1 - Solid Solutions 
4.1.1.1.1 - Cu(1)Nb(2)Ox with NbCl5 
 Nb-containing copper oxide, with the composition of Cu(1)Nb(2)Ox was prepared 
by a precipitation method with NbCl5 as a niobium precursor. The molar ratio of Nb/Cu 
was 1/2 as a stoichiometric condition for the CuNb2O6. An aqueous solution of 
Cu(NO3)2*2.5 H2O was prepared first. The aqueous solution of NbCl5 was prepared with 
HCl and H2O2 and was added to the first solution. After vigorous agitation, 0.2 M 
aqueous solution of ammonia hydroxide solution was used to co-precipitate metal 
hydroxides. The filter cake, of the precipitated hydroxides, was thoroughly washed with 
water multiple times and calcined at 550˚C for two hours in air. The residue of Cl- in the 
filter cake was checked by a sliver nitrate solution of the wash water to detect the reaction 
of Ag+ + Cl- à AgCl as white precipitates. Thus, the filter cake was washed multiple 
times until there were no reaction of Ag+ and Cl-. It is a common practice to wash until 
no AgCl forms upon the addition of Ag+ to the wash solution.  
4.1.1.1.2 - Cu(1)Nb(2)x with ANO 
 Nb-containing copper oxide, with the composition of Cu(1)Nb(2)Ox was prepared 
by a precipitation method with a niobium precursor, ammonium niobate (V) oxalate 
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hydrate, NH4[NbO(C2O4)2(H2O)](H2O)n (ANO, AD-5116, CBMM). An aqueous solution 
of ANO was prepared first. In a different beaker, Cu(NO3)2 * 2.5H2O was dissolved in 
water. After vigorous agitation, they were individually added into two separate burettes. 
The molar ratio of Nb/Cu was equal to 1/2 as a stoichiometric condition for the CuNb2O6. 
From each burette the metal species was added drop wise simultaneously into an 
ammonia hydroxide solution to precipitate copper oxalates and niobium-hydrated species. 
The filter cake of the precipitated hydroxides was thoroughly washed in water multiple 
times and calcined at 550˚C for two hours in air. 
 4.1.1.1.3 - Nb2O5 
 Niobium oxide (Nb2O5) hydrate (HY-340, CBMM) was calcined at 500˚C for two 
hours in air. The calcination temperature was selected in order to transform the phase 
from amorphous to pseudo-hexagonal (PH) to increase surface areas (Okazaki et al., 
1990).  
4.1.1.1.4 - CuO  
 Copper oxide (CuO) was prepared by calcination of Cu(NO3)2 *2.5H2O at 550˚C 
for two hours in air.  
4.1.1.1.5 - Al2O3 
 A stabilized-Al2O3, obtained from BASF, was used as received. Since the Al2O3 
is stabilized, pre-calcination was unnecessary. 
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4.1.1.2 - Supported Samples 
4.1.1.2.1 - 2%CuO/X%Nb2O5 
 To determine the optimal Nb/Cu ratio, samples with Nb/Cu ratio of 1.0, 1.8, and 
29.5 were prepared as 2%CuOx/X% Nb2O5/(100-X)%Al2O3, where X = 0, 3.4, 6.0, and 
100%, as shown in Table 3.  
Table 3 Samples with different Nb/Cu atomic ratio 
CuO Nb2O5 Al2O3 Total Cu Nb Nb/Cu 
wt.% wt.% wt.% wt.% mol mol mol/mol 
2 0.0 98 100 0.025 0.000 - 
2 3.4 94.5 100 0.025 0.026 1.0 
2 6.0 92 100 0.025 0.045 1.8 
2 98 0 100 0.025 0.737 29.5 
 The X wt.% of Nb2O5 was impregnated with ANO with a small amount of water, 
measured by the incipient wetness method. Calcination was performed at 550˚C for two 
hours in air. A consecutive impregnation for 2.0 wt.% of CuO using Cu(NO3)2*2.5 H2O 
in water, was also measured by the incipient wetness method. The calcination was 
conducted at 300˚C for two hours in air. 
4.1.1.2.2 - Y%CuO Supported on Nb2O5 
 To determine the optimal CuO amounts on the Nb2O5, Y%CuOx/(100-Y)%Nb2O5 
(PH), where Y = 2, 6, 10, 20% was prepared. Y% of CuOx was impregnated with 
Cu(NO3)2*2.5H2O onto the Nb2O5 with small amounts of water, measured by an incipient 
wetness method. After the impregnation, the sample was calcined at 300˚C for two hours 
in air. The Nb2O5 was prepared as described in 4.1.1.1.3. 
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4.1.1.2.3 - Y%CuO Supported on Al2O3  
 To determine the optimal CuO amounts on the Al2O3, Y%CuOx/(100-Y)%Al2O3 
was prepared by the similar procedure as 4.1.1.2.2 except of using Al2O3 instead of the 
Nb2O5. After the impregnation, the sample was calcined at 300˚C for two hours in air. 
The Al2O3 was prepared as described in 4.1.1.1.5. 
4.1.1.2.4 - 1%Pt/Al2O3 
 1%Pt/Al2O3 was prepared by impregnation of 1.0 wt.% of Pt-A salt (non-alkali 
and non-halide containing water soluble salt) with acetic acid in water as the precipitating 
agent (a molar ratio of 1:2), according to the incipient wetness method. Calcination was 
at 550˚C for two hours in air. The Al2O3 was prepared as described in 4.1.1.1.5. 
 The calcination temperatures were selected to be above that of the decomposition 
temperature of the nitrates, or oxalates as determined by thermogravimetric 
measurements to remove unwanted residuals from the samples. 
4.1.2 - Characterization 
4.1.2.1 - Powder X-ray Diffraction 
 The XRD was employed for phase identification. The diffraction patterns were 
collected on a PANalytical X’Pert instrument using Cu Kα radiation (λ = 0.15418 nm) at 
a voltage of 45 kV and current of 40 mA. The intensity data were recorded in 2θ range 
10-80°, with a step size of 0.01˚ and an acquisition time of 27 s per step.  
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 For the Cu(1)Nb(2)Ox with NbCl5 sample, three ICDD reference cards were used 
to identify mixed phases: ICDD card 01-083-0369 for monoclinic structure, ICDD card 
00-039-1493 for orthorhombic structure, and ICDD card 00-018-0911 for tetragonal 
structure were used.  For the CuO reference sample, ICDD card 01-080-1268 for 
monoclinic structure was used.  
 For two samples of Nb2O5 calcined at 500˚C or 800˚C, two ICDD cards were 
used to identify those phases: ICDD card 07-0061for pseudo-hexagonal, and ICDD card 
01-071-0336 for orthorhombic Nb2O5 were used respectively.  
 For the CuO phase found in Y%CuO/Nb2O5 or Y%CuO/Al2O5, ICSD collection 
code 067850 was used.  
4.1.2.2 - X-ray Photoelectron Spectroscopy 
 To determine oxidation states of copper species in the near surface regions of the 
samples, X-ray photoelectron spectra of the oxide samples were obtained in a Perkin-
Elmer PHI 5500 XPS instrument (Physical Electronics Inc., Chanhassen, MN, USA) 
equipped with a Mg Kα monochromatic source. The main chamber of the instrument was 
evacuated to ~10−9 Torr. The 1s peak of C, with standard binding energy of 284.6 eV, 
was used for peak position calibration. 
4.1.2.3 - Raman Spectroscopy 
 To determine the molecular structure of the samples, Raman spectra were 
collected under ambient conditions in a Horiba LabRam Aramis microscope. The beam 
was filtered with a D1 filter. The samples were excited with a YAG DPSS laser at 532 
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nm, and the spectra were acquired with an exposure of 1 s with ten exposures per 
accumulation, and two accumulations per measurement. Each sample was measured five 
times at different locations to evaluate spatial reproducibility. The spectra were collected 
in the range of 100 cm-1 to 1200 cm-1.  
4.1.2.4 - BET Surface Area 
 To determine the surface area of the samples, single-point BET experiments were 
conducted in Quantachrome ChemBET instrument. Prior to the measurements, samples 
were degassed at 130˚C for 30 minutes using an inert gas (N2) at a flow rate of 30 
ml/min.   
4.1.2.5 - Temperature Programmed Reduction 
 Oxidation states, metal support interactions, and reducibility of the samples were 
assessed in a Netzsch STA 449F3 thermogravimetric analyzer (TGA) by conducting 
hydrogen temperature programmed reduction (H2-TPR) at a heating rate of 10˚C/min 
from 25˚C to 1200˚C. The gas mixture for the reduction step was N2-4%H2 with flow a 
rate of 40 ml/min.  The sample mass for the experiment was approximately 50 mg.  
4.1.2.6 - CO oxidation Catalytic Reaction 
 CO oxidation reactions were carried out in a fixed-bed quartz flow reactor at 
atmospheric pressure. The reaction conditions were controlled as follows: CO: 1.5 vol.%, 
O2: 14.5 vol.%, and N2 balance. Under ambient conditions, the total flow rate was 6.5 
(L/h) and the gas hourly space velocity (GHSV) was 65 000 h-1. A cold trap was placed 
to condense water prior to entering the GC. Effluent gases of O2, CO2, CO, and N2 were 
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continuously analyzed by micro GC (Inficon 3000, equipped with 10 m Molsieve 5A 
column, 8 m Plot U column, and thermal conductivity detectors). The temperature of the 
catalyst bed was monitored by a K-type thermocouple (Omega), placed at the inlet of the 
catalyst bed, and controlled using Omega CN7800 series temperature controller. Carbon 
balance was calculated for each data point using nitrogen gas as an internal standard. CO 
conversion was calculated as follows:  
CO conversion (%) = !" !"! !" !"#
!" !"
 × 100 
4.1.2.6.1 -Solid Solution 
 The CO oxidation activity of the Nb-containing CuO sample and the reference 
CuO, a CuNbOx sample of 0.3256 g and a CuO sample of 0.075 g (= 0.1 ml) were used to 
compare performance of equal amounts of Cu in each sample.  
4.1.2.6.2 - Supported Samples 
 CO oxidation activity of supported powder samples (0.1 ml) were carried out.  
4.1.2.6.2.1 - Aging Tests  
 Aging tests were conducted at different temperatures to determine the optimal 
operating temperature range. 2%CuO supported on Nb2O5 or Al2O3 were calcined at 300, 
400, 500, or 800˚C for two hours in air using a fresh sample from the same batch.  
4.1.2.6.2.2 - Isothermal Aging Tests 
 The isothermal temperature was kept at 155˚C, which gave 50% of conversion 
(T50) for 20%CuOx/Nb2O5. As a comparison, 20%CuO/Al2O3 was also measured. Both 
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samples contain equivalent amounts of Cu species (g). The tests were conducted 
isothermally at 155˚C for 20 hours.  
4.1.2.6.2.3 - Kinetic Testing in Differential Reactor 
 A fixed bed quartz tube reactor with an inner diameter of 12.7 mm was used at a 
pressure of 1 atm. Powder samples were used as catalysts. The reactor was loaded with 
0.1 ml catalyst and 0.75 g of quartz. Quartz is an inert material used to avoid hot spots 
from the exothermic reaction and to improve flow distribution. The operation was 
conducted at low conversions to ensure the reaction is limited by kinetics and to avoid 
excess heat generation and diffusion effects. The gas hourly space velocity (GHSV) was 
adjusted to maintain differential conditions (< 15% of CO conversion) and varied from 
32 500 h-1 to 130 000 h-1.  A mixture of CO, O2, and N2 were used to determine the 
reaction orders with respect to CO and O2. Flow meters were used to control the flow 
rates. Effluent gases of CO, CO2, O2 and N2 were continuously analyzed by a micro GC. 
4.2 - Results and Discussion  
4.2.1 - Solid Solutions 
4.2.1.1 - Structural Analysis by Powder X-ray Diffraction 
 Fig. 9 shows XRD patterns of three samples: Cu(1)Nb(2)Ox with NbCl5, CuO, 
Nb2O5, and a metal plate. The diffraction peaks of the Cu(1)Nb(2)Ox matched the 
standard patterns of monoclinic CuNb2O6, orthorhombic CuNb2O6, monoclinic CuO, and 
pseudo-hexagonal Nb2O5. The CuNb2O6 can be prepared in either the monoclinic (680-
740˚C) or orthorhombic (>740˚C) by heating a mixture of CuO and Nb2O5 in air (Zhang 
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et al., 2009). Furthermore, monoclinic CuNb2O6 is a yellow-green color and 
orthorhombic CuNb2O6 is black (Drew et al., 1995). Our sample was yellow-green and 
our calcination temperature was at 550˚C in air. Thus, we conclude that the 
Cu(1)Nb(2)Ox formed a mixture of compounds containing monoclinic CuNb2O6, 
monoclinic CuO, and pseudo-hexagonal Nb2O5. The reference CuO sample crystallized 
in a single phase of monoclinic CuO. The reference Nb2O5 sample crystallized in pseudo-




Figure 9 XRD patterns of Cu(1)Nb(2)Ox-NbCl5 (top), CuO (middle), both calcined at 
550˚C for two hours in air, Nb2O5 (bottom) calcined at 500˚C for two hours in air, and a 
metal plate as a background. 
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4.2.1.2 - Reduction Properties by Thermogravimetric Analysis 
  Figure 10 shows hydrogen temperature programmed reduction (H2-TPR) profile 
of the Cu(1)Nb(2)Ox, showing two-step reductions between 170˚C and 321˚C. It has been 
reported that two step reductions indicate that the Cu species have different environments 
and interactions with the support (Fierro et al., 1994). Furthermore, the highly dispersed 
CuO species are more readily reduced than the bulk CuO (Zhou et al., 1999). The first 
reduction step between 170˚C to 255˚C was attributed to reduction of highly dispersed 
Cu2+ species to Cu0 and the second between 255˚C and 321˚C from the bulk CuO to Cu0, 
consistent with the literature (Fierro et al., 1994) (Zhou et al., 1999). The reducibility of 
the sample was unable to be determined, while it was non-stoichiometric compound: a 
mixture of CuO, Nb2O5 and CuNb2O6 as discussed in the section 4.2.1.1.  
 In conclusion, there were two different Cu species present in the Nb-containing 
Cu sample such as highly dispersed Cu and a bulk CuO species. The former showed a 
lower reduction temperature compared to the latter, indicating the importance of highly 




Figure 10 H2-TPR profile of the Cu(1)Nb(2)Ox-NbCl5 in 4% H2 in N2, the sample 
calcined at 550˚C for two hours in air prior to the measurement. 
4.2.1.3 - Surface Oxidation States Measurement by X-ray Photon Spectroscopy  
 Figure 11 shows oxidation states of surface species of the Cu(1)Nb(2)Ox sample 
using XPS. This sample had more Cu1+/Cu0 species and less Cu2+ species. The reference 
material CuO only formed Cu2+ on the surface. Note: Cu1+/Cu0 species cannot be 
differentiated by Cu 2p3/2. 
 The Cu(1)Nb(2)Ox sample formed Cu1+/0 and some Cu2+ on the surface resulting 
from Nb-O-Cu interactions. The existence of these two different kinds of Cu species is 




Figure 11 XPS Cu 2P3/2 of Cu(1)Nb(2)Ox with NbCl5 (green) and CuO (blue), both 
calcined at 550˚C for two hours in air. Cu1+/Cu0 species cannot be differentiated by Cu 
2p3/2. 
4.2.1.4 - CO Oxidation Catalytic Activity  
 The catalytically active species for the CO oxidation reactions are Cu1+ and Cu2+ 
with the former known to be the more active than the Cu2+ species (Pillai et al., 2006). 
The higher CO oxidation activity of Cu(1)Nb(2)Ox sample was expected due to the 
formation of the Cu1+ species on the surface as discussed in the section 4.2.1.3.   
 Figure 12 shows that the CO oxidation activity of the Cu(1)Nb(2)Ox sample, was 
better at lower temperatures (<155˚C) but inferior at higher temperatures (>155˚C) 
relative to the reference CuO sample. These two distinct catalytic behaviors are attributed 
to the surface Cu1+ species and the bulk Cu(2+)O species as discussed in sections 4.2.1.2 
and 4.2.1.3.  
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 The highly dispersed Cu species on the Nb2O5 support generated the surface Cu1+ 
due to the interactions between Cu and Nb atoms and enhanced the CO oxidation 
activity.  
 
Figure 12 CO oxidation conversion as a function of temperature over Cu(1)Nb(2)Ox with 
NbCl5(0.3256 g) and CuO (0.075 g). Both calcined at 550˚C for two hours in air. Both 
contain equal amounts of Cu species. 
 To improve the CO oxidation activity, the Cu salt was impregnated onto Nb2O5 
support to generate a highly dispersed Cu species (See section 4.2.2).  
4.2.2 - Supported Materials 
4.2.2.1 - CO Oxidation Catalytic Activity 
 Figure 13 shows CO oxidation conversion as a function of temperature over 
20%CuO/Nb2O5 and 20%CuO/Al2O3. In contrast to the unsupported samples (Figure 12, 
the CO oxidation activities for the supported 20%CuO/Nb2O5 were clearly superior to the 
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20%CuO/Al2O3 over the entire temperature range studied. This result substantiates the 
well known use of high surface carriers to disperse the catalytic components. What also is 
shown the importance of the carrier interaction with the catalytic species that enhances 
performance. 
 
Figure 13 CO oxidation conversion of 20%CuO/Nb2O5, and 20%CuO/Al2O3. Both 
calcined at 300˚C for two hours in air. CO: 1.5 vol.%, O2: 14.5 vol.%, catalysis volume: 
0.1 ml, the total flow rate: 6.5 L/h, GHSV: 65,000 h-1. Both samples contain essentially 
equivalent amounts of CuO (g). Each sample was measured twice. A fresh sample was 
used from the same batch of 20%CuO/Nb2O5 or 20%CuO/Al2O3 for each testing. 
4.2.2.2 - Reduction Properties by Thermogravimetric Analysis 
 Figure 14 shows a H2-TPR profile of the 20%CuO/Nb2O5, showing two-step 
reductions between 202˚C and 320˚C. As discussed in the section 4.2.1.2, the first 
reduction between 202˚C to 245˚C was from the highly dispersed Cu2+ species to Cu0 and 




Figure 14 H2-TPR profile of the 20%CuO/Nb2O5 in 4% H2 in N2, the sample calcined at 
300˚C for two hours in air prior to the measurement. 
 The experimental mass loss (4.08%) divided by the theoretical mass loss (4.02%), 
times 100 gives the reducibility of CuO equals to 101.5%. This result suggests that 






Figure 15 H2-TPR profile of 20%CuO/Al2O3 in 4% H2 in N2, the sample calcined at 
300˚C for two hours in air prior to the measurement. 
 Figure 15 shows the H2-TPR profile of the 20%CuO/Al2O3 sample, which also 
shows double reduction steps, but at higher temperatures compared with those from the 
Cu-O-Nb sample (Figure 14). It has been reported that Cu and Al ions have strong 
interactions, resistant to reduction (Huang et al., 1989). By comparing the experimental 
mass loss (4.38%) to the theoretical (4.02%), approximately 100% of the copper was 
reduced from Cu2+ to Cu0. The CuO species on the Al2O3 support was stoichiometric.   
4.2.2.3 - Surface Oxidation States Measurement by X-ray Photon Spectroscopy 
 In Figure 16, results of XPS reveal that 20%CuO/Nb2O5 sample had a mixture of 
Cu2+/Cu1+/Cu0 species on the surface. This important result indicates that Cu1+ is 
generated on the surface of the Nb2O5 support. The reference 20%CuO/Al2O3 samples 
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showed only Cu2+ species as shown in Figure 17. These results are similar to those of the 
solid solutions (Section 4.2.1.3). While Cu1+/Cu0 species cannot be differentiated by Cu 
2p3/2, Auger LMM was measured and showed a majority of Cu species on the Nb2O5 
support was the Cu1+ (Figure 18). It was confirmed again that Cu on the Al2O3 sample 
was only in the +2 state, since there was no peak attributed to Cu1+/Cu0 in Figure 19. In 
short, the Nb2O5 samples were a mixture of Cu1+ and Cu2+ ions and the Al2O3 sample 
contained only Cu2+ species.  
 As previously discussed in the solid solution section 4.2.1.4, the catalytically 
active species for CO oxidation reactions are Cu1+ and Cu2+, and with Cu1+ is known to 
be more active of the two (Pillai et al., 2006). Therefore, it is postulated that highly 
dispersed Cu1+ species on the Nb2O5 support gives rise to the enhanced activity likely 





Figure 16 XPS Cu 2P3/2 of 20%CuO/Nb2O5, calcined at 300˚C for two hours in air. 
Cu1+/Cu0 species cannot be differentiated by Cu 2p3/2. 
 
Figure 17 XPS Cu 2P3/2 of 20%CuO/Al2O3, calcined at 300˚C for two hours in air. 
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Cu1+/Cu0 species cannot be differentiated by Cu 2p3/2 
 
Figure 18 XPS Auger LMM of 20%CuO/Nb2O5, calcined at 300˚C for two hours in air. 
 
Figure 19 XPS Auger LMM of 20%CuO/Al2O3, calcined at 300˚C for two hours in air. 
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4.2.2.4 - Isothermal-Aging Tests 
 Isothermal catalytic aging tests were conducted to determine stability of activity 
and the Cu1+ species on the surface of Nb2O5. Cu1+ species are known to be metastable 
and are easily oxidized to CuO or reduced to Cu0 (Oguchi et al., 2005). 
 
Figure 20 Isothermal aging tests at 155˚C in air, where 20%CuO/Nb2O5 reached a 
conversion of 50% for over 1200 minutes compared to 20%CuO/Al2O3. Both samples 
calcined at 300˚C for two hours in air prior to the measurements. CO: 1.5 vol.%, O2: 14.5 
vol.%, catalysis volume: 0.1 ml, the total flow rate: 6.5 L/h, GHSV: 65 000 h-1. 
 Figure 20 shows isothermal aging test for the 20%CuOx/Nb2O5 compared to the 
20%CuO/Al2O3. Both samples showed high stability against the aging for more than 
1200 minutes. The former showed much higher CO oxidation activity for the entire aging 
test compared to the latter, suggesting the Cu1+ species on the Nb2O5 support is stable.  
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4.2.2.5 - The Optimization of Nb/Cu Ratio 
4.2.2.5.1 - CO Oxidation Activities 
 Figure 21 shows conversion as a function of temperature for CO oxidation for 
samples with Nb2O5 of 100, 6.0, 3.4, and 0.0% (=100% of Al2O3) with 2%CuO as listed 
in Table 3. The activity of pure 100%Nb2O5 supporting 2%CuO was the best amongst all. 
The highest Nb/Cu atomic ratio (~ 30) was important for obtaining the best CO oxidation 
activity.  
 
Figure 21 CO oxidation conversion as a function of temperature for 2%CuO/Nb2O5, 
2%CuO/3.4%Nb2O5/Al2O3, 2%CuO/6.0%Nb2O5/Al2O3, and 2%CuO/Al2O3. Each sample 
calcined at 300˚C for two hours in air prior to the measurements. CO: 1.5 vol.%, O2: 14.5 
vol.%, catalysis volume: 0.1 ml, the total flow rate: 6.5 L/h, GHSV: 65 000 h-1 
4.2.2.5.2 - Structural Analysis by Powder X-ray Diffraction 
 Figure 22 shows XRD diffraction patterns for four different samples: 
X%Nb2O5/(100-X)%/Al2O3, where X = 0, 3.4, 6.0, and 100%, all samples except Nb2O5 
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show similar amorphous patterns attributed to γ-alumina. No peaks matching niobium 
pentoxides were seen for both Nb-impregnated Al2O3 samples, indicating they were 
amorphous. It was reported that the bulk Nb2O5 and the supported NbOx have different 
surface crystal structures, resulting in differences in their physical and chemical 
properties (Jehng et al., 1991-a). For instance, below monolayer coverage of NbOx on 
Al2O3, the surface crystal structures of NbOx is different from that of bulk Nb2O5. 
Monolayer coverage is achieved between 10 and 20 wt.% of Nb2O5 on porous support 
(~100 m2/g) (Noronha et al., 2000). Our highest Nb2O5 content was 6.0 wt.%, therefore it 
was probably less than the NbOx monolayer coverage.  
 In short, the Nb-impregnated samples (3.4% and 6.0% Nb2O5/Al2O3) did not 
achieve the monolayer coverage and their crystal structures were amorphous.  
 
Figure 22 XRD patterns of Nb2O5, 3.4% Nb2O5/Al2O3, 6.0%Nb2O5/Al2O3, each calcined 




4.2.2.5.3 - Surface Crystal Structure Analysis by Raman Spectroscopy 
 Figure 23 shows a strong Raman shift at ~690 cm-1, indicating bulk Nb2O5 
crystals in the Nb2O5 sample (Jehng et al., 1991-b).  
 
Figure 23 Raman spectra of Nb2O5, calcined at 500˚C for two hours in air. 
 The Raman spectra of X%Nb2O5/(100-X)%/Al2O3, where X = 0, 3.4, 6.0, 10 are 
shown in Figure 24. All Nb2O5 impregnated Al2O3 samples showed a broad peak at ~ 900 
cm-1 attributed to surface niobium oxide crystals while Al2O3 showed no Raman shift 
consistent with Jehng and Wachs (Jehng et al., 1992). Increasing the Nb2O5 content from 
3 to 10% enhanced the peak intensity, but no peak was seen at ~690 cm-1. These results 






Figure 24 Raman spectra of Y%Nb2O5/Al2O3, where Y = 3.4, 6.0, and 10 wt.%. Each 
calcined at 300˚C for two hours in air. Al2O3 was used as received. 
 The optimization of Cu supported Nb2O5 sample concludes that Nb2O5 doped on 
Al2O3 samples did not achieve monolayer coverage of the NbOx species on Al2O3, 
resulting in lower CO oxidation activity (Figure 21). This suggests that bulk Nb2O5 is the 
ideal CuO catalyst support, because it can achieve the most intimate contact between Nb 
and Cu ions to form the highest concentration of Cu1+ species on the surface of Nb2O5, 
thus achieving high CO oxidation activity.  
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4.2.2.6 - Aging Study of 2%CuO/Nb2O5  
4.2.2.6.1 - CO oxidation Activities 
 Figure 25 shows CO oxidation conversion as a function of temperature at aging 
temperatures of 300, 400, 500, and 800˚C for 2%CuO on Nb2O5. The sample calcined in 
air at 300˚C showed the best CO oxidation activity among all samples. These samples 
calcined at 400, and 500˚C were much better than the sample calcined at 800˚C but less 
active than the one at 300˚C. There was pronounced performance difference between 
500˚C and 800˚C, indicating a major change in the catalyst structure and loss of 
essentially all catalytic activity. 
 
Figure 25 CO oxidation conversion as a function of temperature for 2%CuO/Nb2O5 with 
calcination temperatures: 300˚C (red), 400˚C (blue), 500˚C (pink), and 800˚C (green) for 
two hours in air. CO: 1.5 vol.%, O2: 14.5 vol.%, catalysis volume: 0.1 ml, the total flow 
rate: 6.5 L/h, GHSV: 65 000 h-1. 
4.2.2.6.2 - BET surface Areas 
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 Table 3 shows BET surface areas at aging temperatures of 300, 400, 500, and 
800˚C for 2%CuO on Nb2O5. Aging to 500˚C showed gradual surface area deterioration, 
but aging at 800˚C showed a significant loss of the surface area, indicative of a major 
change in the sample. 
Table 4 BET surface areas of 2%CuO/Nb2O5 with calcination temperatures of 300˚C, 
400˚C, 500˚C, or 800˚C with +/- 10% error bars. 





4.2.2.6.3 - Structural Analysis by Powder X-ray Diffraction 
 Figure 26 shows XRD diffraction patterns for aged Nb2O5 samples. Samples aged 
between 300 to 500˚C resulted in pseudo hexagonal Nb2O5. As anticipated, the sample 
calcined at 800˚C transformed from a pseudo hexagonal Nb2O5 crystal phase to an 
orthorhombic Nb2O5 (Ko et al., 1983). It was reported that an orthorhombic Nb2O5 had a 
much smaller surface area compared to a pseudo hexagonal Nb2O5 (Li et al., 2016) 
confirmed by our BET surface area measurements (Table 4).  
 In conclusion, the main reason for the performance loss for the Nb2O5 samples 
aged at 800˚C was phase transformation of a pseudo hexagonal Nb2O5 structure to an 






Figure 26 XRD patterns of Nb2O5 (black), 2%CuOx/Nb2O5 at calcination temperatures: 
300˚C (red), 400˚C (blue), 500˚C (pink), and 800˚C (green). 
4.2.2.7 - The Optimal CuOx Amount on Nb2O5 Support 
4.2.2.7.1 - CO Oxidation Activities 
 Figure 27 shows conversion as a function of temperature for CO oxidation over 
Y%CuO/(100-Y)%/Nb2O5, where Y = 2, 6, 10, and 20%. As a comparison, the reference 
catalyst 1%Pt/Al2O3 was also plotted in the graph. The samples with Y = 10, and 20% 
both showed similar CO oxidation activities to 6%, indicating that 6% of CuO 
approaches monolayer coverage, the optimal amount. It is encouraging to see that 




Figure 27 CO oxidation conversion as a function of temperature for 2%CuO/Nb2O5 (red), 
6%CuO/Nb2O5 (blue), 10%CuO/Nb2O5 (pink), 20%CuO/Nb2O5 (green). Each calcined at 
300˚C for two hours in air. 1%Pt/Al2O3 (orange) calcined at 550˚C for two hours in air. 
CO: 1.5 vol.%, O2: 14.5 vol.%, catalysis volume: 0.1 ml, GHSV: 65 000 h-1 
4.2.2.7.2 - BET Surface Areas 
 Table 5 shows the BET surface areas of Y%CuOx/(100-Y)%/Nb2O5, where Y = 2, 
6, 10, and 20%. Increasing CuO amounts from 2% to 20% caused a gradual loss of BET 
surface area.  
Table 5 BET surface areas of Y%CuOx/(100-Y)%Nb2O5, where Y = 2, 6, 10, and 20%. 
with +/- 10% error bars. 









4.2.2.7.3 - Structural Analysis by Powder X-ray Diffraction 
 Figure 28 shows XRD diffraction patterns for Y%CuOx/(100-Y)%Nb2O5, where 
Y = 2, 6, 10, and 20%. When Y = 2, or 6%, diffraction patterns were almost identical to 
pseudo-hexagonal Nb2O5, indicating no structure change. But the samples with Y = 10, 
or 20% showed new diffraction patterns attributed to monoclinic CuO, indicating some 
CuO species were not in contact with Nb2O5, and form large bulk CuO crystals.  
 CuO amounts of 10% and 20% formed the bulk CuO species suggesting that the 
optimum 6% was likely at monolayer coverage. 
 
Figure 28 XRD patterns of Nb2O5 (black), calcined at 500˚C for two hours in air, and 
2%CuO/Nb2O5 (red), 6%CuO/Nb2O5 (blue), 10%CuO/Nb2O5 (pink), and 20%CuO/Nb2O5 





4.2.2.7.3 - Reduction Properties by Thermogravimetric Analysis 
 Figure 29 shows H2-TPR profile of the Y%CuOx/(100-Y)%/Nb2O5, where Y = 2, 
6, 10, and 20%. Table 5 shows theoretical and experimental mass losses during H2-TPR. 
The samples with 2% or 6% of CuO on Nb2O5 showed a single reduction step, 
corresponding to approximately 100% reduction of Cu2+ to Cu0. When CuO amounts 
were larger than 6%, there were two step reductions, indicating that there were two 
different kinds of Cu species are in the samples (Section 8.1.2): one for the highly 
dispersed Cu and the other is for the bulk CuO.  It is evident that the small amount of 
surface Cu1+ species cannot be seen with TPR but only with other methods such as 
surface sensitive XPS. In short, approximately 6% of CuO was the optimal amount to 




Figure 29 H2-TPR profile of 2%CuO/Nb2O5 (top-left), 6%CuO/Nb2O5 (top-right), 
10%CuO/Nb2O5 (bottom-left), and 20%CuO/Nb2O5 (bottom-right), each calcined at 
300˚C for two hours in air. 
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Table 6 Experimental and theoretical mass losses during H2-TPR from Y%CuO/(100-
Y)%Nb2O5, where Y = 2, 6, 10, and 20 wt.%, calcined 300˚C for two hours in air. 















































































































2 213 to 282 - 0.45 0.45 0.40 111.9 
6 199 to 247 247 to 292 0.68 0.53 1.21 100.2 
10 192 to 242 242 to 311 0.69 1.32 2.01 100.0 
20 202 to 245 245 to 320 0.69 3.39 4.02 101.4 
 Table 6 gives the experimental and theoretical (calculated from Eq. (1)) mass 
losses associated with reduction. Using the DSC function of thermal analysis (not 
shown), we observed two distinct reduction steps from the 6%CuO/Nb2O5 between 
199˚C to 247˚C and 247˚C to 293˚C. Furthermore, all the samples, except 
2%CuO/Nb2O5, showed similar oxygen mass losses from their 1st reductions step of 0.68 
or 0.69%, indicating that 3.5 wt.% CuO corresponding to 0.70% mass loss for complete 
reduction of Cu2+ to Cu0, could be the optimal amount. This can be further explored in 
future work.  
 4.2.2.8 - Cu1+ dissolution in Nb2O5 Host  
 Machado et al. reported that a mixture of CuO/Nb2O5 contains highly stable Cu1+ 
species in Nb2O5 (Machado et al., 2002), similar to what is reported for ZnO doped with 
CuO having highly stable Cu1+ species by Kouklin et al. (Kouklin et al., 2010). The band 
gap of Nb2O5 is 3.3 eV (Gold et al., 2013), or 3.4 eV (Lopes et al., 2015). These values 
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are similar to the band gap of ZnO at 3.3 to 3.4 eV (Kouklin et al., 2010). Further, 
Kouklin et al. argued that doped Cu ions form deep acceptor states (0.45 eV) within the 
band gap of ZnO, thus accepting electrons from ZnO valence band, results in an effective 
charge transfer to Cu2+ to form Cu1+. Given that the band edges (valence and conduction 
band edges) for Nb2O5 are very close to those for ZnO, a similar argument should equally 
well apply to Nb2O5/CuO band alignments with the result of transferring charge from 
Nb2O5 to Cu2+ to create Cu1+ species in the host.  
 ϒ-Al2O3 is an insulator due to its wide band gap at 7.0 to 8.7 eV (Filatova et al., 
2015). Thus, if Cu was doped on Al2O3, its oxidation state would not change due to the 
absence of electron transfer from the valence band of the Al2O3. 
4.2.2.9 - Kinetic Study on 6%CuO/Nb2O5 
4.2.2.9.1 - Kinetics Models for CO Oxidation Reactions 
 It is widely accepted that carbon monoxide (CO) oxidation reaction on Pt is 
expressed as a global kinetics reaction according to Eq. 9 (Fogler, 2006) (Heck et al., 
2009) (Depcik et al., 2013): 
CO + ½O2 = CO2         (9) 
The Eq. 9 is consists of three detailed kinetics steps: 
CO + Site = CO-Site         (10) 
O2 + 2Sites à 2O-Site        (11) 
CO-Site + O-Site à 2Site + CO2       (12) 
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 The first step of the reaction is CO adsorption on Pt sites according to Eq. 10. The 
second step is the dissociative adsorption of oxygen also on Pt sites expressed as Eq. 11. 
The final step is the surface reaction between the CO adsorbed and oxygen atom 
adsorbed on the site (Eq. 12).  
 In our studies with supported CuO, the second step (Eq. 11) is fast since excess 
partial pressure of oxygen (PO2) was used relative to the partial pressure of carbon 
monoxide (PCO). We speculate that the reaction mechanism is based on the Langmuir-
Isotherm (Hinshelwood, 1940), where the reaction order is first-order to PCO, but pseudo 
zero order in PO2. 
4.2.2.9.2 - Langmuir Isotherm (Fogler, 2006) 
 The Langmuir Isotherm model is derived based of adsorption of CO on a catalyst 
surface site. The rate of adsorption of CO is proportional to the number of the collisions it 
makes with surface active sites per second. The collision rate is proportional to PCO, 
because CO atoms only adsorb on the vacant sites and not on the sites already occupied 
by other CO. The rate of adsorption is therefore proportional to the concentration of the 
vacant sites, Cv. The adsorption rate of CO (mol/g-cat/s) to the surface is directly 
proportional to the product of the PCO (kPa), and Cv (mol/g-cat) corresponding to Eq. 13: 
Rate of adsorption of CO = kA* PCO * Cv      (13) 
Where, kA is the forward rate constant for (1/kPa/s) is the constant for the adsorption 
process. The rate of adsorption of CO to the surface is a first-order process, but the 
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desorption of CO from the surface is proportional to the concentration of sites occupied 
by the adsorbed molecules: CCO*s (mol/g-cat): 
Rate of desorption of CO = k-A * CCO*s       (14) 
Where, k-A (1/s) is the desorption rate constant.  
 The net rate of adsorption is equal to the rate of adsorption minus the rate of 
desorption, expressed as Eq. (15):  
Net rate of adsorption of CO: rAD (mol/g-cat/s)= kA*PCO * Cv - k-A * CCO*s   (15) 
If the ratio of kA/k-A is the adsorption equilibrium constant: KA (1/kPa), rearranging Eq. 
(15) with KA gives: 
rAD  = kA(PCO*Cv - CCO*s/KA)         (16) 
Because O2 was present in large excess, the rate was found to be independent of O2, and 
dependent on the CO partial pressure. The site balance is expressed as Eq. (17): 
Ct  = Cv + CCO*S          (17) 
At equilibrium, the net rate of adsorption is zero. Setting the left side of Equation (16) 
equal to zero and solving for CCO*S, gives: 
CCO*s = KA *Cv* PCO          (18) 
Expressing Cv interns of CCO*S and the total number of sites Ct, by using Eq. (17), we can 
solve for CCO*S in terms of constants and PCO as Eq. (19): 
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CCO*s = KA * PCO *Ct  / (1+ KAPCO)        (19) 
This equation gives the concentration of CO adsorbed on the surface (CCO*s) as a function 
of PCO, and the adsorption equilibrium constant (KA). This is an equation for the 
adsorption isotherm.  
A method of validation of the model is using Eq. (19) and rearranging it to Eq. (20): 
CCO*s /Ct = KA * PCO / (1+ KAPCO)        (20) 
Where CCO*s /Ct is a fractional coverage of CO on the catalyst. Plotting CCO*s /Ct against 
PCO can generate a curve. When PCO is large, the dominator of Eq. (20) becomes large, 
thus the right side of Eq. (20) becomes 1, achieving the full coverage of CO on the sites. 
When PCO is small, (1 + KAPCO) is ~ 1, and the Eq. (20) becomes: 
CCO*s /Ct = KA * PCO           (21) 
The slope of Eq. (21) is equal to the adsorption equilibrium constant: KA (1/kPa).   
4.2.2.9.3 - Langmuir Isotherm Rate Expression of CO Oxidation 
 To validate the proposed Langmuir Isotherm mechanism, PCO was varied between 
0.22 to 1.5 kPa at 130˚C and with a constant PO2 as 14.54 kPa, which was in large excess 
of stoichiometry (pseudo zero order). The reaction rate for CO2 formation was calculated 
as shown in Table 7.  
 Table 7 and Figure 30 show that the rate of CO2 formation shows greater 
dependence on changing PCO below 0.80 kPa, after which the slope of the curve gradually 
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decreases approaching a plateau with a consistent with the Langmuir Isotherm 
mechanism.  
Table 7 Raw and calculated of CCO2 (mol/L) and Rate of CO2 formation (mol/s/g-Cu) 
with constant PO2 = 14.54 (kPa) with different PCO = 0.22 to 1.50 (kPa) 
P_CO (kPa) P_O2 (kPa) C_CO2 (mol/L) Rate of CO2 formation (mol/s/g-Cu) 
0.224917089 14.54 1.45237E-05 6.33211E-06 
0.393397988 14.54 2.71652E-05 1.18436E-05 
0.591336840 14.54 3.37073E-05 1.46958E-05 
0.800449675 14.54 5.25802E-05 2.29241E-05 
1.011329645 14.54 5.18417E-05 2.26022E-05 
1.226220194 14.54 5.62842E-05 2.4539E-05 
1.500735443 14.54 4.87259E-05 2.12437E-05 
 
Figure 30 Kinetic data at low CO partial pressure and constant O2 (filled diamond) and 
nonlinear regression curve fitting for Langmuir-Isotherm rate expression (solid line). T = 
130˚C, PO2 = 14.54 kPa 
 Using the rate constant for the CO oxidation (k’), the fraction of CO atoms 



































total sites (CO/Ct), the rate law for CO oxidation reaction can be expressed as Equation 
22: (Heck et al., 2009):  
r’CO2 (mol/s/g)  = k’ * CCO*s /Ct * CO/Ct       (22) 
In our experiment, CO/Ct was a constant, so this expression reduces to Eq. (23): 
r’CO2 (mol/s/g) = k’’ * CCO*s /Ct         (23) 
Where k’’ = k’ * CO/Ct and using Eq. 20 gives following Eq. 24: 
r’CO2 (mol/s/g) = k” * KA * PCO / (1+ KAPCO)      (24) 
Where, k’’ = k’ * CO/Ct, is the rate constant for CO oxidation reaction and KA is the 
equilibrium constant for adsorption of CO on our Cu catalyst. 
 Using nonlinear regression in MATLAB and inputting our kinetic data of varying 
CO partial pressures at 130˚C but with constant O2 the rate constant for the Langmuir-
Isotherm kinetic expression was determined as shown in in Eq. 25:  
r’CO2 (mol/s/g) = 3.798*10-5 * 1.254 * PCO/ (1+1.254*PCO)    (25) 
This results show that the rate constant (k”) is 3.798*10-5 (mol/s/g), the equilibrium 
constants for CO adsorption (KA) is 1.254 (kPa-1), respectively.   
 When PCO is very small compared to PO2 = 14.54 kPa, the equation above can be 
rewritten:  
r’CO2 (mol/s/g) = 3.798*10-5 * 1.254 * PCO = 4.7627 * 10-5 * PCO   (26) 
 
75 
Showing that r’CO2 is only a function of PCO, the first order reaction.  
  At high PCO, the dominator of the Equation (25) becomes large, and the rate 
reaches a plateau, consistent with Langmuir Isotherm mechanism.  
4.2.2.9.4 - Order of Reaction with Respect to CO 
 Table 7 shows the strong dependence of the rate of CO2 formation on the PCO 
when less than 0.8 kPa. For constant (excess) O2 concentration, the rate law of: 
r’CO2 (mol/s/g)= kCO*PCOα * (kO2*PO2β)      (27) 
It can be rewritten as: 
r’CO2 (mol/s/g)= k’*PCOα         (28) 
Where k’ = kCO * kO2*PO2 β. While the expression of kO2*PO2β can be treated as a constant. 
Taking of log of the equation above gives: 
Ln (r’CO2) = Ln (k’) + α Ln (PCO)       (29) 
Plotting Ln (r’CO2) v.s. Ln (PCO) gives α as slope of 0.9635 in Figure 31. This results 




Figure 31 Dependence of reaction rate on CO concentration, PO2 = 14.54 kPa, PCO = 0.22 
to 0.80 kPa, T = 130 ˚C, Total pressure of 1 atm 
4.2.2.9.5 - Order of Reaction with Respect to O2 
Table 8 Raw and calculated data of CCO2 (mol/L) and Rate of CO2 formation (mol/s/g-
Cu) with constant PCO = ~1.5 (kPa) with different PO2 = 0.78 to 14.54 (kPa) 
P_CO (kPa) P_O2 (kPa) C_CO2 (mol/L) Rate of CO2 formation (mol/s/g-Cu) 
1.562173067 0.780 6.04103E-05 2.63379E-05 
1.464087511 1.554 6.24516E-05 2.72279E-05 
1.500735443 14.54 4.87259E-05 2.12437E-05 
 Table 8 shows virtually no dependence of the rate of CO2 formation on the PO2 
and Figure 32 shows the order of reaction to be -0.0828, or approximately 0. This clearly 
demonstrates a non-competitive rate, where CO and O species do not compete for the 
same sites. 
y = 0.9635x - 14.954 




































Figure 32 Dependence of reaction rate on O2 concentration, PCO = 1.5 kPa, PCO = 0.78 to 
14.54 kPa, T = 130 ˚C, Total pressure of 1 atm 
4.2.2.9.6 - Activation Energy 
 Measurements for the determination of activation energy and the Arrhenius 
coefficient were performed at a temperature range 70 to 130˚C. Figure 33 shows the 
Arrhenius plot used for the calculation. The activation energy for 6%CuO/Nb2O5 was 
calculated to be 39.75 (kJ/mol). The Arrhenius coefficient was determined from the y-
intercept of the Arrhenius plot, and is equal to 1.761*105. 
y = -0.0828x - 10.526 



































Figure 33 Arrhenius plot for CO oxidation for 6%CuO/Nb2O5 
4.2.2.9.7 - Empirical Rate Law for CO Oxidation 
 The empirical rate equation for CO oxidation has been developed through the 
differential reactor approach as shown in Equation 30. 
r’CO2 = 1.761*105* Exp(-39749/RT) * PCO0.9635*PO2-0.0828      (30) 
The empirical rate equation for CO2 formation (r’CO2) is in units of (mol/s/g-Cu). In the 
equation above, R is the universal gas constant (8.314 kPa*L/mol/K) and T is the 
temperature in units of K. In order to verify the empirical rate expression, the rate of CO2 
formation was measured at 298 to 403 K for a feed consisting of 1.5 % CO, 14.54 %O2, 
balance N2 are compared to values calculated using the empirical rate law. Results plotted 
in Figure 34 below shows good agreement between experimental and calculated rates. 
y = -4781x + 12.079 

































Figure 34 Experimental and calculated rates of CO2 formation, feed gas: CO: 1.5%, O2: 
14.5 % 
4.2.2.9.8 - Consequences of Langmuir Isotherm Rate Model and Other Kinetic 
Observations  
 Kinetic and mechanistic investigations discussed in this work indicate that CO 
oxidation over 6%CuO/Nb2O5 follows a Langmuir Isotherm kinetic mechanism with CO 
adsorption on the Cu species being the rate-limiting step. Applying this model for an 
automobile catalytic converter, it is useful in designing the operation system. For 
instance, when the CO emission is high during the cold-start of the driving cycles, the 
injection of extra O2 to the feed decreases the inhibition of the rate by CO (PCO in the 
denominator), thus the rate of CO2 formation increases (Heck et al., 2009). Therefore, 
understanding kinetics and the rate expressions will help a catalyst design for an optimal 





































Chapter 5 - Conclusion and Future work 
5.1 - Conclusions 
 In agreement with prior work, it was shown that Nb-ZrCeYO OSC in the freshly 
prepared state has enhanced OS properties compared to Nb-free OSC. However, the 
enhancement is temporary when samples are stored in air. Exposure to ambient oxygen is 
the cause of the deterioration in OS capacity and was demonstrated by the significantly 
delayed deterioration for Nb-ZrCeYO samples stored in evacuated glass tubes. Nb 
segregation to the surface under oxidizing conditions was hypothesized as the cause of 
the degradation of the OS properties. Analysis of the TPR data for freshly prepared and 
ambient air stored samples was consistent with this hypothesis. After Pt-salt 
impregnation, the enhancement of the OS capacity of Nb-ZrCeYO relative to the Nb-free 
samples was regenerated. The cause for the regeneration was the electron supply from 
metallic Pt emulating reducing conditions, which are known to result in re-dispersion of 
Nb into the bulk solid solution. The Pt-impregnated Nb-OSC showed stable OS 
performance. Although, the enhanced OS property by Nb doping to OSC material (Nb-
ZrCeYO) and its stability in oxidizing condition using trace amounts of Pt impregnation 
are confirmed by this thesis, the small enhancement of OS property compared to the state 
of the art (ZrCeYO) is insignificant for TWC applications.  
 A Cu(1)Nb(2)Ox sample was prepared and crystallized in a mixture of CuO, 
Nb2O5, and CuNb2O6. The reducibility of the mixture was assessed and reveals two 
distinct Cu species in the mixture, one for highly dispersed CuO species and the other for 
bulk CuO. It was hypothesized that highly-dispersed Cu and Nb species interacted to 
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initiate the strong interaction leading to the formation of Cu1+ species. Analysis of the 
XPS data confirmed the presence of surface Cu1+/0 and C2+ species in the mixture of CuO, 
Nb2O5, and CuNb2O6, consistent with the hypothesis. As expected, the mixture showed 
two distinct CO oxidation activities for low temperature and high temperature regime, 
reflecting the high activity of Cu1+/0 species compared to the Cu2+ species. 
 Copper-containing precursor salts were impregnated onto a Nb2O5 support to 
achieve stronger Nb and Cu interactions compared with the prior work. CO oxidation 
activity of the Cu-containing Nb2O5 support showed superior activity compared to a 
reference sample: Cu species impregnated on an Al2O3 support. Reducibility of samples 
was assessed and it was concluded that there were two different Cu species on two 
supports: Nb2O5 or Al2O3. The impregnated Cu species on Nb2O5 or Al2O3 were 
completely reducible consistent with the stoichiometry of CuO to metallic Cu. The TPR 
using TGA was not sufficiently sensitive to see surface Cu+1 species on the Nb2O5 
support. Analysis of XPS data confirmed the presence of Cu1+/0 and Cu2+ species on the 
surface of Nb2O5. In contrast, the CuO/Al2O3 showed only Cu2+. It was concluded that 
the enhancement of CO oxidation activity was from the formation of surface Cu1+ species 
on Nb2O5 support.  
 The stability of Cu1+ atoms on Nb2O5 support showed high stability for 20 hours 
in an oxidizing condition at 155˚C.  
 Bulk Nb2O5 with CuO showed the highest CO oxidation activity compared to that 
of NbOx impregnated on Al2O3 samples, which was below monolayer coverage of Nb2O5 
with amorphous structures. These results are consistent with the hypothesis that the bulk 
 
82 
Nb2O5 structure initiates the strong interaction between Cu and Nb species, generating 
Cu1+ with enhanced CO oxidation activity.  
 An aging study was conducted at different temperatures to assess the thermal 
stability of the Nb-O-Cu interactions and enhanced CO activity. Deactivation continued 
to occur with increasing temperature mainly due to Nb2O5 sintering but a strong 
deterioration in the performance at 800˚C in air was observed. The cause of the 800˚C 
deterioration was the phase transformation of pseudo-hexagonal Nb2O5 to orthorhombic 
Nb2O5. 
 An optimal amount of CuO on Nb2O5 was shown to achieve the best CO 
oxidation activity. CO oxidation activity of the 6%CuO/Nb2O5 sample was comparable 
with the state of the art catalyst: 1%Pt/Al2O3. Analyses of the XRD and the TGA data 
showed this sample achieved monolayer coverage (highly dispersed) of Cu on the Nb2O5 
support. 
 Formation of Cu1+ species on Nb2O5 may occur due to the formation of the deep 
acceptor states of Cu within the band gap of the Nb2O5. This state accepts electrons from 
Nb2O5 valence band, thus forming Cu1+ species on the Nb2O5.  
 Kinetics of CO oxidation reaction of 6%CuO/Nb2O5 (the optimal catalysts) was 
investigated. Using nonlinear regression, a Langmuir kinetic Isotherm rate expression 
was developed based on kinetic data at 130˚C in a differential reactor.  
 The rate of CO2 formation showed essentially first order dependence on the 
partial pressure of CO with a reaction order is 0.96. The reaction order with respect to 
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oxygen was approximately 0, indicating no dependence of the rate of CO2 formation with 
PO2. This clearly demonstrates a non-competitive rate, where CO and O species do not 
compete for the same sites. The activation energy was estimated to be approximately 40 
(kJ/mol), which is consistent with a kinetically-controlled reaction. Kinetics of CO2 
formation over 6 %CuO/Nb2O5 catalysts were further examined using a differential 
reactor approach and an empirical rate law was developed. 
 It is clear that Cu on Nb2O5 at this time would not be suitable for automobile 
catalytic converters due to its instability. However, there are stationary source 
applications such as power plants, which operate at temperatures around 300˚C, where 




5.2 - Future Work 
5.2.1 - Other Possible Catalytic Reactions for Cu-containing Nb2O5 Catalysts 
 Cu1+ species has been demonstrated in this thesis to improve CO oxidation. Cu2O 
(Cu1+ species) is also known to be an active species for other catalytic reactions with high 
industrial importance. Two environmentally important reactions at relatively low 
application temperature (~300˚C) are discussed and considered below for future work. 
5.2.1.1 - Methanol Stream Reforming Reaction 
 Methanol stream reforming (MSR) is one of the promising methods to generate 
hydrogen for an industrial scale, especially for portable fuel cell applications. It has a 
high carbon to hydrogen ratio and can be carried as a liquid at ambient temperature. 
Furthermore, it can be converted to hydrogen at relatively low reaction temperatures 
(~250˚C) with the proper catalyst. Since the reaction conditions are within the stable 
temperature range for the Cu1+/Nb2O5 interactions, this reaction would be considered for 
future study. 
5.2.1.2 - Preferential Oxidation of CO in H2 
 It is important to remove unreacted CO from the H2 stream in a low temperature 
PEM fuel cell to less than 10 ppm to avoid poisoning the Pt anode. Achieving a high ratio 
of H2 to CO (>>100:1) is a challenging problem in selectivity since most catalysts 
oxidize H2 rather than the CO (Farrauto et al., 2003). The key to this technology depends 
on a highly active and selective CO oxidation catalyst with wide temperature window 
(80˚C to 150˚C). It was reported by BASF researchers that Cu1+, present in a PtFe 
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catalysts has excellent PROX activity (Zhang et al., 2012). Thus this is an area of interest 
for the Cu/Nb system with enhanced CO oxidation at temperature < 100˚C. 
5.2.2 - Increasing the Surface Area of Nb2O5 using V2O3 or Phosphoric Acid 
 In heterogeneous catalysts, is it preferred to have a high surface area material to 
support the catalytic component producing a high metal (or metal oxide) dispersion. I 
have observed that the surface area of Nb2O5-hydate (niobic acid, amorphous) 
dramatically decreased with increasing calcination temperature, forming crystal 
structures at approximately at 450˚C. Use of modifiers to stabilize the surface area is 
recommended based on previous work should be pursued.  Future work should focus on 
increasing the surface area of Nb2O5 by addition of V2O5 or phosphoric acid to 
accommodate more Cu1+ species and hence obtain higher CO oxidation activity relative 
to the current catalyst.  
5.2.3 - Co3O4/Nb2O5 for CO oxidation 
 Co3O4 is a good CO oxidation catalyst and should be supported on Nb2O5 to 
determine if a similar enhancement of CO activity can be achieved. The acidity of Nb2O5 
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Nb-containing Oxygen Storage Component 
  The paper by Simson et al. (Simson et al., 2014) confirmed the enhanced OS 
capacity, extents of redox behavior of the Nb-containing oxide relative to a Nb-free 
mixture within the typical operating temperature range of the three-way catalyst. It did 
not however address the impact on performance after aging in air at room. The Nb-
containing samples deteriorated by exposure to ambient air (e.g. oxygen).  
Cupper Based Catalyst for CO Oxidation Catalysis 
 In order to replace Pt by CuO for the CO oxidation catalyst in TWC, there are two 
main problems: Cu has low intrinsic activity compared to Pt and Cu easily suffers from 
thermal aging and sulfur poisoning. Higher intrinsic activity of Cu1+ species for CO 
oxidation activity compared to Cu2+ is reported in this thesis to have comparable activity 
to Pt at < 300˚C was unstable at higher temperatures.  
Scientific Questions  





Nb-containing Oxygen Storage Component 
• Why does Nb-containing OSC show enhanced OS capacity and improved redox 
properties? 
• Why and how is the deterioration in OS capacity and redox performance caused 
by aging in air at room temperature? 
• Can the OS be stabilized?  
CuOx/Nb2O5 for CO Oxidation Catalysis  
• Can Nb2O5 support alter the oxidation states of copper oxide? Will Nb2O5 
generate an active Cu1+ species and stabilize it in oxidizing conditions? 
• Why does Nb2O5 and Cu interactions generate Cu1+ species?  
• Can the acidic properties of Nb2O5 provide sulfur poisoning resistance if used as a 
support for copper oxide? 
Research Goals 
The goals of the research proposed are outlined below: 
Nb-containing Oxygen Storage Component 
• Elucidate causes for the enhanced OS performance and redox properties by Nb-
doping into ZrCeYOx (OSC) 
• Conduct a mechanistic study on fresh-and aged-Nb-containing OSC to determine 
the reasons for the deterioration of both its OS performance and redox properties 
when stored in ambient conditions. 
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• Propose mechanisms for deterioration of the Nb-OSC and develop a novel 
regeneration method. 
CuOx/Nb2O5 for CO Oxidation Catalysis  
• Confirm the formation of Cu1+ species on Nb2O5 and its stability in an oxidizing 
condition. 
• Investigate CO oxidation catalytic activity of Cu(1+)Ox/Nb2O5 compared to 
CuO/Al2O3 (a reference catalyst). 
• Optimize the Cu/Nb ratio of CuOx/Nb2O5 catalysts for CO oxidation and its 
stability after air aging.  
• Conduct a kinetic study on the optimal catalyst to identify the kinetic rate model 
and to discuss consequences of using catalysts for oxidation application such as 
TWC and stationary sources. 
• Elucidate the mechanism for the formation of Cu1+ species on Nb2O5 absent from 
copper on Al2O3. 
